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Introduction 


A Word From the President 


The original version of this book, Principles of Naval Architecture, was first published 
by the Society in 1939. Editors H. E. Rossell and L. B. Chapman stated that the purpose 
of the work was to “adequately cover the field of naval architecture in one text.” This 
they did, in two volumes, serving the Society’s students and members more than adequately 
for nearly 30 years. 

The First Revision was published in 1967, with John P. Comstock serving both as 
Chairman of the Control Committee and Editor. It consisted of one volume containing 11 
chapters and an Appendix. Continuing changes in naval architecture, such as technical 
practices, new criteria and regulations regarding damage stability and ship strength, new 
knowledge about ocean waves and seakeeping, and the use of computers, prompted the 
Society to undertake the Second Revision in 1978. President Robert T. Young appointed 
John J. Nachtsheim as Chairman of the Control Committee, and Professor Edward V. 
Lewis was named Editor. Serving on the Control Committee, charged with the important 
tasks of choosing the authors and review of the chapters, were Thomas M. Buermann, 
William A. Cleary, Richard B. Couch, Jerome L. Goldman, Jacques B. Hadler, Ronald K. 
Kiss, Donald P. Roseman, Stanley G. Stiansen and Charles Zeien. This Second Revision 
of Principles of Naval Architecture (PNA) is the result of this Committee’s work. 

Even though the First Revision chapters on tonnage admeasurement, load line assign- 
ment and launching were removed from PNA to the 1980 edition of Ship Design and 
Construction, the remaining PNA chapters were so enlarged by new material that the 
decision was made to expand the Second Revision into three volumes. 

Only the authors and the editors can appreciate the time and difficulties involved in 
writing, reviewing and editing this mass of knowledge into suitable form for publication. 
The work of these people, who are esteemed in their respective fields, has been as selfless 
as it is priceless to our Society and its membership. The Society is deeply indebted to the 
authors and to the tireless reviewers of the Control Committee. 

To quote the late Matthew G. Forrest, a Past President of the Society, “The Society 
hopes that this First Revision of Principles of Naval Architecture will prove to be as 
useful, both to students and to those engaged in the practice of the profession, as the 
original edition proved to be.” 

I could not say it any better regarding the Second Revision. 


EDWARD J. CAMPBELL 
President, SNAME 
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Preface 


The aim of this second revision (third edition) of the Society’s successful Principles of Naval 
Architecture was to bring the subject matter up-to-date through revising or rewriting areas of 
greatest recent technical advances, which meant that some chapters would require many more 
changes than others. The basic objective of the book, however, remained unchanged: to provide a 
timely survey of the basic principles in the field of Naval Architecture for the use of both students 
and active professionals, making clear that research and engineering are continuing in almost all 
branches of the subject. References are to be included to available sources of additional details and 
to ongoing work to be followed in the future. 

The preparation of this third edition was simplified by an earlier decision to incorporate a number 
of sections into the companion SNAME publication, Ship Design and Construction, which was 
revised in 1980. The topics of Load Lines, Tonnage Admeasurement and Launching seemed to be 
more appropriate for the latter book, and so Chapters V, VI, and XI became IV, V and XVII 
respectively, in Ship Design and Construction. This left eight chapters, instead of 11, for the 
revised Principles of Naval Architecture. 

At the outset of work on the revision, the Control Committee decided that the increasing importance 
of high-speed computers demanded that their use be discussed in the individual chapters instead of 
in a separate Appendix as before. It was also decided that throughout the book more attention 
should be given to the rapidly developing advanced marine vehicles. 

In regard to units of measure, it was decided that the basic policy would be to use the International 
System of Units (S.I.). Since this is a transition period, conventional U.S. (or “English”) units would 
be given in parentheses throughout the book. This follows the practice adopted for the Society’s 
companion volume, Ship Design and Construction. The U.S. Metric Conversion Act of 1975 (P.L. 
94-168) declared a national policy of increasing the use of metric systems of measurement and 
established the U.S. Metric Board to coordinate voluntary conversion to S I. The Maritime Admin- 
istration, assisted by a SNAME Ad Hoc Task Group, developed a Metric Practice Guide to “help 
obtain uniform metric practice in the marine industry,” and this guide was used here as a basic 
reference. Following this guide, ship displacement in metric tons (1000 kg) represents mass rather 
than weight. (In this book the familiar symbol, A, is reserved for the displacement mass). When 
forces are considered, the corresponding unit is the kilo-Newton (KN), which applies, for example, 
to resistance and to displacement weight (symbol W, where W = Ag) or to buoyancy forces. (See 
Chapter I.) When conventional or English units are used, displacement weight is in the familiar long 
ton unit (2240 lb), which numerically is 1.015 x metric ton. A conversion table also is included with 
the symbols and abbreviations or Nomenclature at the end of this volume. 

This first volume of the third edition of Principles of Naval Architecture, comprising Chapters 
I through IV, covers almost the same subject matter as the first four chapters of the preceding 
edition. Thus, it deals with the essentially static principles of naval architecture, leaving most dynamic 
aspects to the remaining volumes. Chapter I deals with the graphical and numerical description of 
hull forms and the calculations needed to deal with problems of flotation and stability that follow. 
Chapter II considers stability in normal intact conditions, while Chapter III discusses flotation and 
stability in damaged conditions. Finally, Chapter IV deals with principles of hull structural design, 
first under static calm water conditions, and then introducing the effect of waves which also is 
covered more fully in Volume III, Chapter VII on Seakeeping. 

These first four chapters were found to require less revision than those dealing, for example, 
with maneuverability and motions in waves. The latter required more time than anticipated. Some 
of the principal changes may be noted: 

In Chapter I there is some rearrangement and change of emphasis. A few additions were made, 
such as developable lines and a containership, as well as a conventional cargo ship, as examples. 


(Continued) 
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In Chapter II more attention is given to stability curves and to criteria for acceptable stability 
based on them. 

In Chapter III more space is allotted to standards of flooding and damage stability, with emphasis 
on new probability-based international regulations. 

Finally, Chapter IV has been extensively rewritten to cover new probabilistic techniques for dealing 
with loads and structural analysis methods concerned with ultimate strength. Several sections, 
including 3.38, Calculation of section modulus, and 3.14, Stress concentrations, were reproduced 
without change from the earlier edition. 


February 1988 EDWARD V. LEwIs 
Editor 
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Norman A. Hamlin | 


CHAPTER | 


Ship Geometry 


Section 1 


Ships’ 


1.1 Delineation and Arrangement of Lines Draw- 
ing. The exterior form of a ship’s hull is a curved 
surface defined by the lines drawing, or simply ‘the 
lines.” Precise and unambiguous means are needed to 
describe this surface, inasmuch as the ship’s form must 
be configured to accommodate all internals, must meet 
constraints of buoyancy, stability, speed and power, 
and seakeeping, and must be “‘buildable.”’ Hence, the 
lines consist of orthographic projections of the inter- 
sections of the hull form with three mutually perpen- 
dicular sets of planes, drawn to a suitable scale. 

Fig. 1 shows a lines drawing for a single-screw 
cargo-passenger ship. 

The profile or sheer plan shows the hull form in- 
tersected by the centerplane—a vertical plane on the 
ship’s centerline—and by buttock planes which are 
parallel to it, spaced for convenient definition of the 
vessel’s shape and identified by their distance off the 
centerplane. The centerplane intersection shows the 
profile of the bow and stern. Below the profile is the 
half-breadth or waterlines plan, which shows the in- 
tersection of the hull form with planes parallel to the 
horizontal baseplane, which is called the base line. All 
such parallel planes are called waterline planes, or 
waterplanes. It is convenient to space most water- 
planes equally by an integral number of meters (or 
feet and inches), but a closer spacing is often used 
near the baseline where the shape of hull form changes 
rapidly. DWL represents the design waterline, near 
which the fully loaded ship is intended to float. All 
waterlines are identified by their height above the base- 
line. 

The body plan shows the shapes of sections deter- 
mined by the intersection of the hull form with planes 
perpendicular to the buttock and waterline planes. In 
Fig. 1 this is shown above the profile, but it might 
otherwise be drawn to the right or left of the profile, 
using a single extended molded baseline, depending 
upon the width and length of paper being used. Al- 
ternatively, the body plan is sometimes superimposed 


Lines 


on the profile, with the body plan’s centerplane midway 
between the ends of the ship in profile view. Planes 
defining the body plan are known as body plan stations. 
They are usually spaced equally apart, such that there 
are 10 spaces—or multiples thereof—in the length of 
the ship, but with a few extra stations at the ends of 
the ship at one half or one quarter this spacing. 

Most ships are symmetrical about the centerplane, 
and the lines drawing shows waterlines in the half- 
breadth plan on only one side of the centerline. Asym- 
metrical features on some ships, such as overhanging 
flight decks on aircraft carriers, must be depicted sep- 
arately. Correspondingly, the body plan shows sections 
on one side of the centerline only—those in the fore- 
body on the right hand side and those in the afterbody 
on the left. By convention in the U.S., the bow of the 
ship is shown to the right. With the arrangement of 
the lines as shown in Fig. 1, the drawing represents 
a case of first angle projection in descriptive geometry. 

The lines in Fig. 1 represent the molded surface of 
the ship, a surface formed by the outer edges of the 
frames, or inside of the “skin,” in the case of steel, 
aluminum and wooden vessels. In the case of glass 
reinforced plastic vessels, the molded surface is the 
outside of the hull. (The term molded surface undoubt- 
edly arose from the use of wooden “molds” set up to 
establish a surface in space to which frames could be 
formed when wooden vessels were being built). 

The shell plating of a steel or aluminum ship con- 
stitutes the outer covering of the molded surface. The 
shell plating is relatively thin and is formed of plates 
that are usually of varying thickness, causing some 
unevenness, although the molded surface is generally 
smooth and continuous. 

The thickness of planking of a wooden boat is rel- 
atively larger than the shell thickness of a steel vessel, 
and it is the usual practice to draw the lines of a 
wooden boat to represent the surface formed by the 
outside of the planking, since this gives the true ex- 
ternal form. However, for construction purposes it is 
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necessary to deal with the molded form, and therefore 
it is not unusual to find the molded form of wooden 
vessels delineated on a separate lines drawing. 

In the sheer plan of Fig. 1, the base line, repre- 
senting the bottom of the vessel, is parallel to the 
DWL, showing that the vessel is designed for an “even- 
keel” condition. Some vessels—especially tugs and 
fishing vessels—are often designed with the molded 
keel line raked downward aft, giving more draft at the 
stern than the bow when floating at the DWL; such 
vessels are said to have a designed drag to the keel. 

1.2 Perpendiculars; Length Between Perpendicu- 
lars. A vertical line in the sheer plan of Fig. 1 is drawn 
at the intersection of the DWL, which is often the 
estimated summer load line (defined subsequently), 
and the forward side of the stem. This is known as 
the forward perpendicular, abbreviated as FP. A 
slight inconsistency is introduced by this definition of 
FP in that the forward side of the stem is generally 
in a surface exterior to the molded form by the thick- 
ness of contiguous shell plating—or by the stem thick- 
ness itself if the stem is of rolled plate. 

A corresponding vertical line is drawn at the stern, 
designated the after perpendicular or AP. When 
there is a rudder post the AP is located where the after 
side of the rudder post intersects the DWL. In Fig. 1 
the AP is drawn at the centerline of the rudder stock, 
which is the customary location for merchant ships 
without a well defined sternpost or rudder post. In the 
case of naval ships, it is customary to define the AP 
at the after end of the vessel on the DWL. Such a 
location is also sometimes chosen for merchant ves- 
sels—especially vessels with a submerged stern profile 
extending well abaft the rudder. Fig. 2 shows the var- 
ious locations of the AP here described. 

An important characteristic of a ship is its length 
between perpendiculars, sometimes abbreviated LBP 
or Lpp. This represents the fore-and-aft distance be- 
tween the FP and AP, and is generally the same as 
the length L defined in the American Bureau of Ship- 
ping Rules for Building and Classing Steel Vessels 
(Annual)’. However, in the Rules there is included the 
proviso that L, for use in the Rules, is not to be less 
than 96 percent and need not be greater than 97 per- 
cent of the length on the summer load line. The sum- 
mer load line is the deepest waterline to which a 
merchant vessel may legally be loaded during the sum- 
mer months in certain specified geographical zones. 
Methods for determining the summer load line are 
covered in the discussion of freeboard in Ship Design 
and Construction (Taggart, 1980). 

When comparing different designs, a consistent 
method of measuring ship lengths should be used. 
Overall length is invariably available from the vessel’s 
plans and LBP is usually also recorded. However, for 
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hydrodynamic purposes, length on the prevailing 
waterline may be significant; alternatively, an “effec- 
tive length’ of the underwater body for resistance 
considerations is sometimes required. 

One useful method of determining the after end of 
effective length is to make use of a sectional area 
curve, whose ordinates represent the underwater cross 
sectional area of the vessel up to the DWL at a series 
of stations along its length. (See Section 1.7.) The ef- 
fective length is usually considered as the overall 
length of the sectional area curve. However, if the 
curve has a concave ending, a straight line from the 
midship-cross-sectional area can be drawn tangent to 
the curve, as shown in Fig. 3. The intersection of this 
straight line tangent with the baseline of the graph 
may then be considered to represent the after end of 
the effective length. On many single-screw designs it 
has been found that the point so determined is close 
to the location of the AP. Such an effective length 
ending might then be used in calculating hull form 
coefficients, as discussed in Section 3. A similar defi- 
nition for the forward end of effective length might 
be adopted for ships with protruding bulbous bows 
extending forward of the FP. 

It is important that in all calculations and measure- 
ments relating to length, the method of determining 
the length used, and the location of its extremities be 
clearly defined. 

1.3. Midship Section; Parallel Middle Body. An im- 
portant matter for any ship is the location and shape 
of the midship cross section, generally designated by 
the symbol (%), which was originally used to indicate 
the fullest cross section of the vessel. In some of the 
early sailing ships this fullest section was forward of 
the midlength, and in some high-speed ships and sailing 
yachts, the fullest section under water is somewhat 
abaft the midlength. In any case, the usual practice in 
modern commercial vessels of most types is to locate 
(%) halfway between the perpendiculars, while in naval 
ships it is usually midway between the ends of the 
DWL. 

In many modern vessels, particularly cargo vessels, 
the form of cross section below the DWL amidships 
extends without change for some distance forward and 
aft, usually including the midship location. Such ves- 
sels are said to have parallel middle body. The ship in 
Fig. 1 has no parallel middle body, but the form of 
section under water changes but slightly for small 
distances forward or abaft the fullest section, which 
is located amidships. 

1.4 Body Plan Stations; Frame Lines; Deck Lines. In 
order to simplify the calculation of underwater form 
characteristics, it is customary to divide the LBP into 
10—or 20, or 40—intervals by the body plan planes. 
The locations of these planes are known as body plan 
stations, or simply stations, and are indicated by 
straight lines drawn in the profile and half-breadth 
plans at right angles to the vessel’s baseline and cen- 
terline, respectively. The intersections of these planes 
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with the molded form appear in their true shape in the 
body plan. 

Body plan stations are customarily numbered from 
the bow, with the FP designated as station 0. In Europe 
and Japan, however, station 0 is often located at the 
AP, with station numbering from aft forward. For the 
ship shown in Fig. 1, station No. 10 represents the 
stern extremity of the vessel for calculations relating 
to the underwater body. It will be noted that additional 
stations are drawn midway between stations 0 and 1, 
and 9 and 10, and sometimes between 1 and 2, and 8 
and 9, as well. This is done to better define the vessel’s 
form near the ends where it may change rapidly for 
small longitudinal distances. 

Additional stations are often also shown forward of 
the FP and abaft the AP. These may receive letter or 
distance designations from the perpendiculars, or a 
continuation of the numbering system equivalent to 
that used in the remainder of the ship, as negative 
numbers forward of the FP and numbers in excess of 
10 (or 20, etc.) abaft the AP. 
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Body plan station planes are not to be confused with 
planes at which the vessel’s frames are located, al- 
though frames are normally located in planes normal 
to the baseplane and longitudinal centerplane, which 
are therefore parallel to body plan station planes. 
Frames are normally spaced to suit the structure and 
arrangement of internals and their location is not de- 
pendent upon station plane locations. On some naval 
ships, frame spacing is an integral number of feet or 
one meter. Frame locations are usually chosen early 
in the design of a ship, and it is customary to show 
them on arrangement drawings and frequently also 
on final lines drawings. Therefore, frame locations, and 
their spacing, must be clearly stated. A body plan at 
frame locations is frequently drawn to assist the ship- 
yard in fabricating the frames. 

Frames are generally numbered with integer num- 
bers, either starting at the FP and increasing aft, or 
at the AP and increasing forward. The latter practice 
is customary in tankers. In some instances, particu- 
larly naval ships, frames have been identified by the 
distance of the frame plane in meters from the FP. 

A frame plane establishes a molded line, or surface, 
which will be coincident with the plane of either the 
forward or after edge of the frame. The location of 
frames, either forward of or abaft the frame line, 
should be clearly stated on relevant drawings. 

The outline of the ship is completed in the sheer plan 
by showing the line of the main deck at the side of 
the ship, and also at the longitudinal centerline plane 
whenever, as is usual, the deck surface is crowned or 
cambered, i.e., curved in an athwartship direction with 
convex surface upwards, or sloped by straight lines to 
a low point at the deck edge. A ship’s deck is also 
usually given longitudinal sheer; i.e., it is curved up- 
wards towards the ends, usually more at the bow than 
at the stern. In case the sheer line of the deck at side 
curves downward at the ends, the ship is said to have 
reverse sheer. 

Similarly, lines are shown for the forecastle, bridge, 
and poop decks when these are fitted; sometimes decks 
below the main deck are also shown. All such deck 
lines generally designate the molded surface of the 
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respective deck; i.e., the surface at the top of the deck 
beams, and are consequently referred to as molded 
‘deck lines at side or at center as the case may be. 

In the lines drawing, Fig. 1, the curve of the main 
deck at the side is projected into the sheer plan as the 
curve C’F’ J and into the body plan as J”D” F” for the 
fore body and as F”E£"C” for the after body, and also 
into the half-breadth plan as the curve C,F,/,, which 
is known as the half-breadth line of the main deck. 

Through the point where the molded sheer line of 
the main deck at side intersects the midship station in 
the sheer plan, there may be drawn a level line called 
the molded depth line of main deck at side. At any 
particular station, the vertical distance between this 
line and the sheer line of deck at side is known as the 
sheer of the deck at that station. The sheer of a deck 
would, therefore, be zero at the midship station, and 
it may be zero for an appreciable distance either for- 
ward of or abaft amidships. Of particular interest are 
the values of sheer at FP and AP. 

The sheer line of deck at side in some vessels, par- 
ticularly yachts, may dip below the level of the molded 
depth line at side. This usually occurs, if at all, in the 
region immediately abaft amidships, and the sheer of 
the deck in such a region is measured below the level 
of the molded depth line at side and is considered to 
have a negative value. 

The molded lines of the principal transverse bulk- 
heads are sometimes also shown on final drawings. 


1.5 Molded Base Line; Molded Dimensions. The 
molded base line, drawn in the sheer plan and body 
plan as a straight horizontal line, represents an im- 
portant reference datum, both for design and construc- 
tion purposes. The line, in fact, represents a plane in 
space to which many vertical heights are referred. It 
also represents the bottom of the vessel’s molded sur- 
face, and so is coincident with the top surface of the 
flat plate keel on most straight-keel ships with a single 
thickness of she} plating. 

In the event the keel line of a ship is straight, but 
the vessel has a designed drag to the keel, it usually 
slopes downward aft. In this case the molded base line 
may mark the bottom of the molded surface amidships, 
or at the AP. When drawing the lines for such a vessel, 
the bottom of the molded surface is shown as a raked 
line. 

In the event the vessel is designed with an external 
hanging bar keel, extending below the shell plating 
surface, the bottom of keel is drawn in the sheer plan 
to complete the lower contour of the vessel. However, 
on most other ships, only the bottom of the molded 
surface is drawn. 

In the case of ships with “in and out” riveted plating, 
the keel plate is usually an “out” strake and the bottom 
of keel is then below the molded base line by not only 
its own thickness but that of the first outboard, or 
garboard strake, as well. 

The molded depth of a vessel is the vertical distance 
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between the molded base line and the molded depth 


line of the uppermost deck at side as shown in Fig. 4. 

The distance from K to B in Fig. 4 is one-half of the 
important dimension known as the molded beam or 
molded breadth of the vessel, which is normally a max- 
imum at the midship station. 

1.6 Characteristics of the Sections. In Fig. 4 from 
the point A the molded line of the bottom of the midship 
section extends towards the side in a straight line AC. 
This line often is inclined upwards slightly and inter- 
sects, at the point C, the vertical line HB drawn tangent 
to the widest part of the underwater body. 

The line AC is known as the floor line, and the dis- 
tance BC is referred to variously as the deadrise, rise 
of floor, or rise of bottom. For the ship shown in Fig. 
1, the deadrise is 0.305 m. 

The point K in Fig. 4 at the vessel’s centerline is at 
the lowest part of the molded surface and the distance 
KA is the half-side dimension of the flat portion of the 
molded surface in the vicinity of the keel i.e., to the 
beginning of the deadrise. This half-side dimension is 
small in vessels having a hanging bar keel, being sim- 
ply the half-thickness of the bar forming the keel, but 
in vessels having a dished-plate keel it will be consid- 
erably more, depending upon the size of the ship. It 
does not apply at all to ships with no deadrise. 

The curved portion of the section, as at D, which 
joins the floor line with the side, is known as the turn 
of bilge and may be further described as a “hard” or 
as an “easy” turn of bilge, where hard refers to a 
small radius of curvature. The turn of bilge throughout 
the parallel middle body is usually, but not necessarily, 
a circular arc, and the radius of this curve is known 
as the bilge radius. 

The molded line of the side above the waterline some- 
times extends inboard somewhat to meet the line of 
the top of the main deck beam. In Fig. 4 this inter- 
section is at the point F. The horizontal distance EF 
is known as tumble home at the deck. The opposite 
of tumble home is known as flare, and it is measured 
in a similar way. 

A horizontal line through F'in Fig. 4 meets the cen- 
terline of the section at P; the distance PH is called 
camber or round of beam. The camber curve may be 
an arc of a circle, a parabola, or several straight lines. 
Standard past practice has been to provide about 2 
percent of the total breadth of the ship as camber 
amidships, and then to use the camber curve so de- 
termined as applicable to all other fore and aft loca- 
tions. The use of camber accomplishes the important 
function of assuring that rain water and water shipped 
aboard will drain off readily. 

1.7 Sectional Area Curve. A fundamental drawing 
in the design of a ship—particularly relative to re- 
sistance—is the sectional area curve, shown in Fig. 3 
for a ship with some parallel middle body. The sectional 
area curve represents the longitudinal distribution of 
cross sectional area below the DWL. The ordinates of 
a sectional area curve are plotted in distance-squared 


units. Inasmuch as the horizontal scale, or abscissa, 
of Fig. 3 represents longitudinal distances along the 
ship, it is clear that the area under the curve represents 
the volume of water displaced by the vessel up to the 
DWL, or volume of displacement. 

Alternatively, the ordinate and abscissa of the curve 
may be made non-dimensional by dividing by the mid- 
ship area and length of ship, respectively. In either 
case, the shape of the sectional area curve determines 
the relative “fullness” of the ship (See Section 8). 

The presence of parallel middle body is manifested 
by that portion of the sectional area curve parallel to 
the baseline of the curve. The. shoulder is defined as 
the region of generally greater curvature (smaller ra- 
dius of curvature) where the middle body portion of 
the curve joins the inward sloping portions at bow or 
stern. 

The centroid of the vessel’s sectional area curve is 
at the same longitudinal location as the center of buoy- 
ancy, LCB, and the ratio of the area under the sectional 
area curve to the area of a circumscribing rectangle 
is equal to the prismatic coefficient, C,, (See Section 


Fig. 3 also shows the customary division of the un- 
derwater body into forebody and afterbody, forward 
of and abaft amidships, respectively. Entrance and 
run, which represent the ends of the vessel forward 
of and abaft the parallel middle body, are also shown. 

1.8 Molded Drafts; Keel Drafts; Navigational Drafts; 
Draft Marks. In general, the amount of water a vessel 
draws, or draft, is the distance measured vertically 
from the waterline at which the vessel is floating to 
its bottom. Drafts may be measured at different lo- 
cations along the length. They are known as molded 
drafts if measured to the molded baseline; keel drafts 
if measured to the bottom of the keel. Mean draft is 
defined as the average of drafts forward and aft. 

Ships are customarily provided with draft marks at 
the ends and amidships, arranged in a plane parallel 
to station planes and placed as close to the perpendic- 
ulars as practical. These draft marks are for the guid- 
ance of operating personnel, and therefore the drafts 
indicated should be keel drafts. The marks are painted 
in a readily visible color to contrast with the color of 
the hull. Arabic numerals are usually used on mer- 
chant vessels, although Roman numerals also appear 
on some naval ships, particularly in way of appendages 
that extend below the baseline. The bottom of the 
numeral is located at the indicated waterline. For many 
years it has been the practice to use numerals 6 inches 
high and to mark the drafts in feet at every foot above 
the keel. Thus, if one were to see the numeral half 
immersed, the prevailing draft would be three inches 
deeper than the half-immersed number in ft. 

With the ultimate conversion to the metric system 
in the United States a reasonable practice would seem 
to be that adopted by Australian maritime authorities 
(Australian Dept. of Transport, 1974). This provides 
that drafts be shown in meters at every meter in Arabic 


SHIP GEOMETRY 7 


numerals, followed by M. Intermediate drafts are 
shown at every 0.2 m (2 decimeters), but only the 
numerals 2, 4, 6 and 8 are shown, with no decimeter 
designation. All numerals are to be one decimeter high. 
Thus, draft marks between 11 and 12 meters would 
show, 


The difference between drafts forward and aft is 
called trim. If the draft aft exceeds that forward, the 
vessel is said to have trim by the stern. An excess of 
draft forward causes trim by the bow—or trim by the 
head. When trim is determined by reading the draft 
marks and the angle of inclination or the displacement 
of the vessel is to be determined, it is important to 
account for the specific fore and aft location of the 
marks. 

Some vessels are designed with local projections be- 
low the keel of a permanent nature—for example, 
sonar transducer housings (domes), and the propeller 
blade tips of some naval vessels. It is important that 
operating personnel be well aware of the distance be- 
low the keel to which such projections extend. Navi- 
gational drafts—which represent the minimum depth 
of water in which the vessel can float without striking 
the bottom — would exceed keel drafts by this distance. 

1.9 Diagonals; Types of Intersecting Planes. The 
shape of curves shown by the stations, buttock lines 
and waterlines do not necessarily convey the shape of 
hull form as one might wish to see it, and the designer 
need not be limited to use of these planes. Additional 
planes with which the hull form is sometimes inter- 
cepted are diagonal planes, which are planes normal 
to station planes, but inclined with respect to the 
baseplane and the longitudinal centerplane. Such a 
plane appears as a straight line in the body plan. The 
inclination of a diagonal plane is generally chosen so 
that it is approximately normal to the body plan sec- 
tions. 

It is customary to show the resulting intercept 
curve, called a diagonal, below the half-breadth view 
in the lines drawing. This practice has been followed 
in Fig. 1. Thus, the expansion of the diagonal is a plot 
of distance from the point W on the ship’s C.L. in the 
body plan to the points where ZW crosses each station. 
The particular diagonal shown in Fig. 1 is called a bilge 
diagonal, inasmuch as it intersects the bilge. Point W 
is at the DWL on the vessel’s centerline, and point Z 
marks the intersection of the vessel’s half-beam line 
and deadrise line. 

Projections showing the intersections of diagonal 


planes with the molded surface are generally omitted 
in the half-breadth plan and the profile. 

1.10 Cant Frame Lines. On some types of vessels, 
it is found that near the ends of the vessel, the incli- 
nation of the ship’s surface to the planes of transverse 
frames becomes so great as to require these planes to 
be moved to a position more nearly normal to the 
surface, so that the frame when so constructed may 
give a better support to the surface in its vicinity. In 
the event the plane of the frame remains normal to 
the baseplane, the trace of the plane in the centerplane 
appears as a line perpendicular to the molded baseline 
in the sheer plan, and the frame is called a single cant 
Srame, or simply cant frame. 

Frames are also occasionally placed in planes normal 
to the longitudinal centerplane, but inclined to the 
baseplane, whereby the trace of the plane in the 
baseplane, as seen in the half-breadth plan, is perpen- 
dicular to the vessels’ centerline. The term inclined 
JSrame has been applied to this case. 

Double cant frames lie in planes which are neither 
normal to the longitudinal centerplane nor the base- 
plane. Determining the trace of such a plane in the 
molded surface is an exercise in descriptive geometry, 
and such frames are rarely used. 

1.11 Fairness: Fairing of Lines. It is of interest to 
note certain features of hull form shown by the lines 
in Fig. 1. The lower waterline shapes near the bow 
and stern are drawn with some hollow—that is, they 
are concave. Similarly, the body plan sections and but- 
tocks are hollow, generally, in the vicinity of the DWL 
and particularly in the afterbody. Thus the shape of 
the lines in one view is reflected in the other views, 
and vice versa. 

With the exception of deliberate discontinuities at 
the stem, knuckles, chines, transom corners, etc., the 
shape of a vessel’s exterior form below the deck is 
virtually always designed as a fair surface. A fair 
surface is defined as one that is smooth and continuous, 
and which has no local bumps or hollows, no hard spots 
and a minimum of points of inflection. Localized flat 
spots between areas of the surface with curvatures of 
equal sign are generally considered unfair, unless they 
occur as part of the bottom or sides, especially with 
parallel middle body. Mathematically, the property of 
fairness of surface might be thought of as that of 
continuity in a plot of curvature, or radius of curva- 
ture, of the intersection of any plane with the surface. 
Inasmuch as waterlines, buttocks, station lines and 
diagonals all represent the intersection of planes with 
the molded surface, it may be seen that a fair hull 
form will be characterized by fairness in these curves; 
correspondingly, it is usually assumed that if these 
curves are fair, then so will the hull form. In general, 
discontinuities in the first derivative, indicating abrupt 
changes in slope, occur at knuckle lines. Other sudden 
changes in curvature, indicated by discontinuities in 
the second derivative, are considered to show unfair- 
ness. A common situation on ships with parallel middle 
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body is a bilge of constant radius, 7, connecting to flat 
bottom and/or side, with a change in curvature of the 
transverse section from 1/r to 0 at the point of tan- 
gency. Although such a section is not fair, its shape 
is not necessarily disadvantageous. It can be made fair 
if desired by easing the transition in curvature. On the 
other hand, continuity in both first and second deriv- 
atives does not guarantee fairness, inasmuch as the 
achievement of fairness has always been and probably 
will continue to be a matter of opinion or judgment. 

An additional condition implied by the term fairness 
is that of consistency, that is, each projection of any 
point on the surface onto the corresponding reference 
plane must agree with the locations of its other pro- 
jections. For example, consider a point P to be on the 
surface of the ship in Fig. 1 at station 7 and 4 ft (1.22 
m) above the molded base line. This point would be 
shown in the sheer plan at P’. Its location in the body 
plan would be on transverse section 7, and on the 4- 
ft WL. The horizontal distance of the point P from the 
ship’s centerplane would be determined by the distance 
in the body plan of the point P” from the ship’s cen- 
terline, as PR The point P, in the half-breadth plan 
would be at the ordinate for station 7 and on the 4-ft 
WL and its distance from the ship’s centerline would 
be P,R, as shown in that plan. A test of consistency 
of the point P would be that the distance PR, in the 
half-breadth plan must equal P’R” in the body plan. 

In case the point P had been originally selected on 
the surface at a location where no transverse section, 
waterline, or buttock already existed, a check of fair- 
ness would require one to introduce any two of these 
three types of intersecting planes through the point, 
find the corresponding projections of the lines of 
intersection and proceed as before. 

The process of fairing a set of lines is invariably an 
iterative, or cut and try one, requiring patience and 
perseverance. It consists essentially of investigating 
the fairness or suitability of each line of the vessel in 
succession. It often happens that, after testing and 
accepting a number of lines, the next line to be con- 
sidered will require changes to be made to it that will 
be so far-reaching as to affect some of the lines pre- 
viously accepted. It then becomes necessary to make 
whatever changes seems best, all things considered, 
and to proceed anew through the same fairing steps 
as before. Usually several such difficulties have to be 
overcome successively before the whole fairing proc- 
ess is completed. Thus, the process may be laborious. 

Fairing lines for a new ship design is normally ac- 
complished at least twice—first in the design phase, 
and second in the construction phase, at which time 
the lines are faired either full-scale, on the mold loft 
floor, or in the optical detailing room to a scale of 1/ 
10 or 1/20 of full size, or by computer as discussed in 
Section 1.16. In the design phase, there is greater free- 
dom to make changes and to achieve hull form features 
which the designer favors. Curves are usually drawn 
using a combination of free hand sketching, ship 


curves and flexible battens (or splines) held by batten 
weights (‘‘ducks’’). 

Waterlines are usually drawn by the last of these 
methods. A uniform batten will be fair between a pair 
of ducks, but it can be forced into an unfair overall 
curve by the ducks. Hence, a customary method of 
fairing or smoothing is to adjust the ducks—and hence 
the batten defining the waterline—until any one of the 
ducks can be removed without the batten moving. This 
is intended to assure that changes in curvature are 
made gradually. 

In the final design or construction phase, the lines 
are reasonably well defined at the start. The process 
of fairing is more localized and directed at achieving 
consistency among the various views. However, the 
larger scale used in this case is intended to assure that 
local deviations, which may not have been evident in 
the earlier small-scale design phase, will be eliminated. 

1.12 Developing a Set of Lines. The development 
of a set of lines presupposes a tentative (or final) se- 
lection of suitable hull dimensions, coefficients (section 
3), LCB, sectional area curve (Fig. 3) and design water- 
line. This selection is based on considerations of dis- 
placement, capacity, trim, stability, resistance and 
propulsion, all of which are discussed in other chapters, 
as well as in the chapter on Mission Analysis and Basic 
Design, Ship Design and Construction (Taggart, 
1980). Fig. 5 is a generalized plot whereby the offsets 
of a sectional area curve may be drawn to fit prescribed 
hull features (prismatic coefficients and LCB.) In order 
to use Fig. 5, one enters Fig. 5a with LCB and total 
C, to get Cp, and Cp;; these are then used in Fig. 5b 
to find the sectional area curve offsets. 

Given the desired hull characteristics, the process 
of drawing and fairing a preliminary small-scale set 
of lines generally begins with fixing the profile of the 
vessel in the centerplane, the design waterline and 
deck line in the half-breadth plan, and the midship body 
plan section. Intermediate sections may next be 
sketched in to satisfy the pre-determined sectional area 
curve, often by reference to previous designs and typ- 
ical hull forms (SNAME Hydrodynamics Committee, 
1966). A few additional waterlines, between the deck 
and the DWL, and between the DWL and the baseline, 
are then drawn in the half-breadth view using half- 
breadths at the stations and making as small and as 
few changes as possible in these. The sections in the 
body plan are then changed to achieve consistency with 
the waterline half-breadths, and section areas checked. 
A few buttocks are then drawn in and checked and 
the process repeated. Alternatively, diagonals, rather 
than waterlines, are preferred by some designers as 
a fairing medium, and are used to check the consis- 
tency of section shape variation from station to station 
before buttocks and intermediate waterlines are 
drawn. Liberal use of the eraser is required, the draw- 
ing frequently being made on the back of transparent 
cross-section paper, chosen so that the grid of the 
paper matches the grid of waterlines, buttocks and 
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Fig. 6 Typical original and modified stern lines 


stations desired. Because of the flatness of angle of 
intersection of buttocks and waterlines on narrow, fine- 
lined ships at the quarter length, it is sometimes the 
practice to foreshorten station spacing in the profile 
and half breadth plan to assist in fairing. 

As the ship design progresses, one or more larger 
scale lines drawings must be prepared and faired with 
increasing precision. In the fairing process, some gen- 
eral guides should be remembered. For example, the 
general shape of buttock endings, particularly for but- 
tocks near the ship’s centerline, must reflect the shape 
of body plan stations, if a gradual and progressive 
hange of waterline slope is to be achieved. Fig. 6A 
illustrates a case in which (a) this guide was not fol- 
lowed, and (b) the lines might be modified to suit the 
guide. 

Nine of the often conflicting considerations involved 
in developing a set of lines, other than those of re- 
sistance and propulsion discussed in detail in Chapter 
V, may be noted here: 

(a) Generous clearances around the propeller tend 
to reduce vibration excitation forces, but a large di- 
ameter propeller tends to improve populsive efficiency 
and hence to reduce required shaft horsepower, as- 
suming the propeller design is not restricted in RPM. 

(b) A large amount of “fin” area aft, both fixed and 
movable, tends to promote directional stability. Gen- 
erous movable area (rudder area) tends to improve the 
ability to initiate and recover from turns. 

(c) A small bilge radius, together with a bilge keel 
right at the turn of the bilge, tends to increase roll 
damping. However, wetted surface, and hence fric- 
tional resistance, tend to be increased by a small bilge 
radius. 

(a) V-sections are generally favorable to stability 
and seakeeping performance, but are often objection- 
able from the viewpoint of resistance and/or propul- 
sion. 


(e) Ships which must operate in heavy weather may 
experience slamming on the fiat of bottom forward 
unless large deadrise angles are used and the extent 
of flatness is minimized. However, a long straight flat 
keel is desirable from drydocking considerations. 

() Generous flare forward, sometimes with a gently 
sloped longitudinal knuckle well above the waterline, 
may be used instead of an increase in freeboard for- 
ward in achieving dry decks when in a seaway. 

(g) Ships with bulbous bows may experience dam- 
age to the bulb from anchor handling unless the bow 
in way of the hawsepipe is flared out sufficiently to 
allow an unobstructed drop from the pipe extremity, 
taking into account the possibility of the ship’s rolling 
to the opposite side. 

(h) Hull surfaces composed of portions of cylinders 
and cones—i.e., developable surfaces—are more eas- 
ily fabricated than surfaces of compound curvature, 
but may incur added resistance. See section 1.14. 

(i) Excessive waterline angles forward of the pro- 
peller should be avoided, as well as blunt waterline 
endings, since they may promote separation in the 
flow, especially in the case of very full, slow-speed 
vessels. Such separation tends to cause propeller- 
excited vibration, as well as greater resistance and 
less efficient propulsion. 


1.13 Offsets. In the process of building a ship, 
some means must be devised for determining the 
shapes of the frames with greater precision than can 
be obtained directly from the usual lines drawings. It 
has been the practice in most shipyards in the past, to 
attain the necessary accuracy, to redraw and refair 
the lines to full size on a large wooden floor located 
in a space known as the mold loft. The mold loftsmen 
were supplied sufficient information to enable certain 
portions or the whole of the vessel’s lines to be drawn 
full size, often in contracted form, i.e., with all breadths 
and heights full size but with lengths reduced. These 
operations, complete with refairing as necessary, are 
known as laying off or laying down the lines. 

For laying off a mold loftsman needs not only the 
lines drawing but also a list of the measurements he 
must use in locating points through which the various 
curves are to be drawn. Consider a waterline in the 
half-breadth plan and suppose that the distance on 
each station from the vessel’s centerline to the water- 
line were measured. Such measurements are known 
as offsets, and by their use the loftsman can lay off 
the necessary points on the floor through which the 
required curve can be drawn in a fair line by using 
long flexible wooden battens. For a buttock line in the 
sheer plan, the offsets would be given as heights above 
the molded base line at each station. If in the English 
system, these would be in feet, inches, and eighths (or 
sixteenths) of an inch. It is expected that as shipyards 
in the U. 8S. convert to the metric system, full-scale 
offsets will be recorded to the nearest millimeter— 
that is, three decimal places after the meter—inas- 
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Table 1—Typical Table of Offsets 
Halfbreadths, m 


Half Bottom 4ftWL 8ftWL 16-ftWL 24-ft WL 27-ftWL 32-ft WL 
Station Siding tangent 1.219m 2.438 m 4.877 m 7.315 m 8.230 m 9.754 m Station 
0, FP 0 _ 0.759 0.581 0.108 — — 0.183 0, FP 
ve 0.394 —_— 1.308 1.432 1.270 1.172 1.245 1.613 yA 
1 0.483 _— 1.968 2.4388 2.780 2.962 3.140 3.610 1 
14% 0.571 — 2.978 8.848 4.626 5.102 5.359 5.886 1% 
2 0.660 —_— 4.324 5.5384 6.575 7.315 7.597 8.093 2 
3 oe 0.860 7.509 8.909 10.173 10.792 10.956 11.195 3 
4 - 3.832 10.298 11.208 11.830 11.986 12.007 12.038 4 
5 " 9.144 11.417 11.916 12.089 12.039 12.039 12.039 5 
6 . 6.268 10.844 11.338 11.983 12.039 12.0389 12.039 6 
7 e 2.324 6.833 8.490 10.627 11.703 11.899 12.083 7 
8 £ 0.679 3.314 4,423 6.788 9.458 10.271 11.246 8 
8¥ id 0.660 2.207 2.896 4,518 7.306 8.417 9.976 gy 
9 0.660 — 1.445 1.778 2.508 4.677 5.962 7,973 9 
9% 0.482 — 0.549 0.568 0.600 1.553 8.057 5.410 9% 
10, AP _ _— — _— _— — — 2.130 10, AP 
10-ft aft _— _— — —_ _— — _— — 10-ft aft 
(3.048m) (3.048m) 
Table 1 (continued) 
Halfbreadths, m Buttock Heights, m 
I I III IV Vv 
40-ft WL Main Foc’sle 4-ft 8-ft 16-ft 24-ft 32-ft 
Station 12.192 m k 1.219 m 2.438 m 4.877 m 7.315 m Station 
0, FP 0.879 2.337 4.477 12.872 14.967 —_— — — 0, FP 
y, 2.775 4,483 6.674 0.911 11.586 15.335 — — yA 
4,823 6.518 8.477 0.378 2.438 12.284 15.888 — 1 
1% 6.988 8.404 9.934 0.178 0.787 6.401 12.808 17.066 1% 
2 8.979 9.966 11.011 0.083 0.368 1.654 7.315 14.167 2 
3 11.484 11.716 11.944 0.019 0.089 0.359 1.111 3.810 3 
4 12.039 12.089 _ 0.016 0.048 0.117 0.251 0.851 4 
5 is " — ” “ 0.111 0.178 0.279 5 
6 “ . _ . . 0.111 0.213 0.835 6 
7 12.039 i" — 0.016 0.048 0.394 1.524 3.708 7 
8 11.982 12.039 —_ 0.044 0.517 2.953 5.347 7.630 8 
8% 11.389 11.890 — 0.175 1.600 5.264 7.325 9.503 8% 
9 10.252 11.370 — 0.676 4.712 7.461 9.223 11.510 9 
9% 8.236 10.001 — 7.074 7.852 9.389 11.271 14.478 9% 
10, AP 4,861 6.826 —_ 9.098 9.989 12.211 — — 0, AP 
10-ft aft 2.658 4.553 —_ 10.598 11.919 —_ —_ — 10-ft aft 
(3.048m) (3.048m) 


much as one millimeter = 0.0397 in. ~ 1/25 in., very 
nearly. 

A complete set of offsets for the various lines of the 
vessel, arranged in tabular form, is known as a table 
of offsets. The typical example given in Table 1 applies 
to the ship shown in Fig. 1. Sometimes such tables are 
included on the lines plan. The offsets originally sup- 
plied to the loftsmen are usually marked “prelimi- 
nary.” After the lines have been faired on the loft 
floor, another set of offsets, known as the “returned” 
or “finished” table of offsets is usually lifted from the 
floor and returned to the drafting office. This finished 
set should include offsets lifted for every frame station 


throughout the ship, in addition to those for the lines 
stations. 

Fairing ship lines on a mold loft floor is time con- 
suming and requires substantial amounts of floor 
space. To overcome these disadvantages, some ship- 
yards in the 1950s began to have the preliminary lines 
redrawn and refaired to a scale of one-tenth of full 
size, the work being done on large drawing tables with 
precise drafting instruments. Originally 1/10-scale 
drawings of structural parts were made and photo- 
graphically reduced to 1/100 or less of full scale. The 
photographic negatives were then projected optically 
full-size onto the plates for marking and cutting. Later 
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Fig. 8 Construction drawing for developable surface lines 


To find ruling between deck edge and chine: Curve GHLJ is the intersection of plane DGJF with a cylindical 

1. Draw DF, tangent to chine at E. surface with vertical elements through deck edge. 

2. Draw DG, EH and FJ in half-breadth plan parallel to each other To find ruling between stem profile and chine: 
at arbitrary angle. 1. Draw PA and Ps tangent to chine at P. 

3. Project G to deck edge in profile. 2. Project point A in half breadth at cL, to point B in profile. 

4. Find points M and J in profile as projections from half-breadth 3. Draw BC tangent to stem profile at ¢, giving end c of ruling PC. 
where DG, EH and Fi are parallel. 

5. Draw curve GHJ in profile cutting deck edge at L. 

6. M is midpoint of GL and is end of ruling EM 


Plane DGJF is tangent to chine at E. 
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the 1/10-scale drawings were used directly as tem- 
plates for optically controlled burning machines. Off- 
sets from the 1/10-scale lines were considered to be 
the finished offsets. 

During the 1960s and 1970s there was rapid devel- 
opment of the use of computers, and most large ship- 
yards now use computers as an aid to the entire 
process of fairing the lines (section 1.16), computing 
the offsets, and preparing numerical control] for au- 
tomatic flame cutting. See Chapter XVI, Ship Design 
and Construction (Taggart, 1980) for further details. 

1.14 Developable and Straight-Frame Lines. Ship 
hull forms as traditionally designed are composed of 
surfaces of compound curvature, such that the inter- 
section of any plane with the surface will form a curved 
line. A simpler type of curvilinear surface is one on 
which the intersection of certain planes with the sur- 
face form straight lines—called rulings or ele- 
ments—which never cross each other. Such a surface 
is known as a developable surface because it is possible 
to unbend or unroll the surface and flatten it into a 
plane. Hence, it will usually be a portion of cylinders 
or of cones. Correspondingly, it is possible to form a 
developable surface from a plane surface, such as a 
sheet of paper or a sheet of steel, by bending it in only 
one direction along successive rulings. 

Hull forms composed entirely of developable sur- 
faces have been successfully designed, particularly for 
smaller vessels, but they have potential value for 
larger vessels as well. The different surfaces usually 
connect at chines, or curved knuckle lines, which 
should be oriented to follow lines of flow as much as 
possible. 

According to the method described by Kilgore (1967), 
a developable surface can be formed to include two 
arbitrary curves in space, provided the curvature of 
the projections of the two curves on the planes of a 
Cartesian system always have the same sign. How- 
ever, this is not a necessary condition and the drafter 
must rely on experience and sometimes on trial. 
Michelsen, in discussing Kilgore (1967), gives methods 
by which the existence of a developable surface be- 
tween two space curves may be checked. 

Chine and deck edge lines usually meet the constant 
curvature sign condition. When they do not, test con- 
struction lines may be drawn according to the method 
outlined to see if rulings can be determined. If none 
are found, one or both of the curves may be modified 
and rechecked. In general, it may be said that straight 
line stems and points of inflection in the chine and deck 
edge should be avoided. Points of inflection should also 
be avoided in the intersection of the bottom surface 
of the vessel with the longitudinal centerplane, defined 
as fairbody line (Kilgore, 1967). 

Fig. 7 shows the lines for a small single-chine de- 
velopable surface vessel. It will be seen that body plan 
stations, especially forward between the fairbody line 
and the chine, are slightly convex when seen from the 


exterior, which is characteristic of developable surface 
lines in general. 

The construction drawing, Fig. 8, shows how rulings 
on the side between deck edge and chine may be drawn. 
A ruling is not only a straight line element of the 
developable surface, but also lies in a plane tangent 
to it. The construction at the bow shows how rulings 
are found between the stem profile and the chine. Rul- 
ings in the bottom surface may be found in a manner 
analagous to that used between the chine and deck 
edge. Kilgore (1967) provides the basic theorems which 
govern the determination of rulings and the unique- 
ness of the resulting developable surface. A useful 
feature of rulings is that tangents to buttocks in the 
profile view at a single ruling are parallel to each other, 
and tangents to waterlines in the halfbreadth plan at 
a single ruling are parallel to each other. 

The process of drawing lines for a developable hull 
form is, therefore, one of finding rulings between chine 
and deck edge, between pairs of chines, and between 
chine and fairbody line. Once the rulings are found, it 
is a relatively simple task to find stations, waterlines 
and buttocks using normal projection techniques, in- 
asmuch as the rulings are defined in two views. 

Fig. 9 shows the body plan of a comparable straight- 
frame vessel and it may be seen that differences, com- 
pared with the developable surface vessel, are rela- 
tively small. Thus, the choice of designing a vessel 
with one system or the other may well depend upon 
comparing the difficulty of forming curved frames— 
together with the ease of plating the developable 
shell—with the ease of forming straight frames—to- 
gether with the difficulty of plating a warped shell. 

1.15 Methodical Lines. If the naval architect 
wishes to draw lines representing a particular type of 
ship, there are in the open literature several method- 
ical series of hull forms which permit offsets to be 
developed directly, without the necessity of going 
through the fairing process. By a methodical series is 
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meant a group of uniquely related forms whereby spe- 
cific offsets may be obtained from charts or tables for 
given arbitrary input characteristics, especially pris- 
matic coefficient, length-to-breadth ratio, volumetric 
coefficient, and position of the longitudinal center of 
buoyancy. Particular examples are the Series 60 single 
screw merchant ship forms (Todd, et al, 1957), Taylor’s 
Standard Series (Taylor, 1943), Townsend’s seakeeping 
series of single screw forms (Townsend, 1967), the 
MARAD low L/B series (1987), and the Webb trawler 
series (Ridgely-Nevitt, 1963). Furthermore, by follow- 
ing methods outlined in Section 3.3, the lines of any 
specific hull form may be transformed in a methodical 
way to suit arbitrary hull form characteristics. 

The constraints of end details—stern frame ending, 
size and location of rudder, stem profile, ete.—with 
which such methodically chosen lines are endowed 
often leads to “‘tailoring’’ of the resulting lines at the 
ends, which may require refairing substantial portions 
of the hull surface. 

1.16 Use of Computer in Lines Definition; Mathe- 
matical Lines. Among the most useful applications of 
digital computers in naval architecture, giving direct 
geometrical answers, are: 

(a) Determining lines and offsets to suit arbitrary 
hull form characteristics derived from a prescribed 
parent form. 

(b) Final fairing and determination of closely spaced 
frame offsets for shipyard use based upon widely 
spaced preliminary design offsets. 

The first of these applications provides the capability 
to carry out by computer and in a more general fashion 
what Adm. D. W. Taylor began prior to World War I, 
that is, to design ship lines mathematically. By the 
method of Taylor (1915) waterlines and sectional area 
curves took the form of a 5th order curve, separately 
for forebody and afterbody, 


y = te + ax? + ba? + cx + de’, 


where ¢, a, b, c and d are constants. 
By suitable transformation, this equation was re- 
written as, 


y = C, + PC, + tC, + aC,, 


where P is the waterplane area coefficient (for a water 
line), or prismatic coefficient (for a sectional area curve) 
of forebody or afterbody, ¢ is the tangent of the curve 
at bow or stern, and a is a function of the second 
derivative of the curve at amidships (x = 1.0). A simple 
table was provided giving values of the coefficients, C, 
which were fixed for each body plan station. The re- 
sulting curves had at most one point of inflection. This 
method was used to draw the lines for Taylor’s Stan- 
dard Series (of ship models used in resistance tests— 
see Chapter V). Taylor (1915) noted that, “practically 
all U.S. naval vessels designed during the last ten 
years have had mathematical lines.” 


During the intervening 65 years, the use of math- 
ematical ship lines appears to have declined until the 
advent of computers. A number of successful attempts 
have now been reported (Fuller, et al, 1977 and Sdding, 
et al, 1977, for example) where ship lines in keeping 
with hull forms favored today have been produced and 
plotted with the aid of the computer. Polynomials of 
higher order than used by Taylor have been used for 
waterlines and sectional area curves, with particular 
attention taken to avoid unwanted points of inflection. 
However, unless some adjustment is done to the end 
profiles, the resulting hull forms are endowed with 
waterline endings or stern profiles that may not satisfy 
the user. Kuiper (1970) presented a method whereby 
the design waterline is expressed as two eight-term 
polynomials, one for forebody and one for afterbody, 
which are easily determined using the basic hull form 
characteristics. However, to define the hull form above 
and below the design waterline requires the use of 
seventeen form parameters which must be defined at 
all drafts, for forebody and afterbody. 

Recently somewhat different computer techniques 
have been developed to assist in the early stage of 
lines development. For example, a Ship Hull Form Gen- 
erator Program (HULGEN) was developed in the Ship 
Design Division of NAVSEC. (Fuller, et al, 1977). The 
key to this program is the use of polynomials in various 
combinations to build up a line-for-line definition of the 
hull form that is remarkably fair. The strength of the 
program is the user-oriented interactive-graphics 
method of data input, display and modification. Results 
of variations of parameters can be viewed instantly, 
or the hull form can be stretched and distorted into 
shapes to maintain those parameters. 

The second application is that of final fairing of pre- 
liminary lines, which necessarily embodies judgment, 
in that the drafter’s eye and opinion ultimately deter- 
mine fairness. In this process, the drafter, or the mold 
loftsman, is faced with the problem of passing a curve 
through a set of points, usually equally spaced along 
a reference axis, and satisfying himself that the curve 
is smooth, with a minimum number of points of in- 
flection and with curvature varying in a gradual way. 
In order to achieve fairness, the curve may have to 
miss some of the points by small amounts. Also, for 
consistency, interesecting curves in other views which 
contain these points must be checked and adjusted. 

As previously noted (1.11), battens or splines are 
commonly used in drawing such curves, with batten 
weights (ducks) positioned to hold the batten at or near 
the given points. Therefore, computerized represen- 
tations of ship lines often make use of the equations 
for spline curves. The bending induced in the batten 
by the ducks is describable by the theory of bending 
of a simple weightless beam with concentrated loads 
or supports at a series of discrete points, correspond- 
ing to the points of duck restraint. It is shown in 
Strength of Materials texts that the deflection of such 
a beam is given by polynomials no higher than the 
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third order, that is, by cubic functions of the x-dimen- 
sion parallel with the beam. Such cubics have conti- 
nuity in first and second derivatives (y’ = dy/dz, y” 
= d’y/dzx’) at the points of application of the concen- 
trated loads. 

An assumption made in developing the deflection 
equation for a simple beam is that the deflections are 
small, and the beam assumes only small angles to the 
x-axis. Under these conditions the differential equation 
of bending is 


M(w)/EI = y"/(l4+(y'y}?. 


This can be linearized by assuming that (y’)? = 0, 
inasmuch as y’ is small; thus, 


M(x)/EI = y” 


and y” becomes a linear function of x. A close ap- 
proximation to y”, at point m for example, is given by 
the second difference 7,, where 


%2 = Yret i 2Yn Yr ih’, 


and h is the spacing between any pair of equally spaced 
points. Inasmuch as 7, is quite sensitive to changes in 
curvature, it is apparent that by adopting 7, values 
from a smooth curve, and by adjusting offsets to match 
the faired 7, values, a curve through the adjusted off- 
sets will usually be quite fair. 

For illustrative purposes, Fig. 10 plots rough—and 
obviously unfair—points representing preliminary off- 
sets of a rudder section. Also shown is a plot of r, 
from the given offsets, and a smooth curve interpreting 
the plot but missing some of the points. 


The final faired rudder profile curve has been ob- 
tained from the smooth curve of 7,, beginning at the 
nose of the section and working aft, but with the ad- 
dition of two additional linear corrections, first to make 
the tail of the section sharp, and second, to make the 
average value of the faired offsets equal to the mean 
value of the given offsets. 

The spline curve representation of ship lines by the 
differential equation of the deflection of a simple beam 
may become unrealistic when the slope y' of the line 
being represented becomes so large that it cannot be 
assumed equal to zero. Thus, most ships’ waterlines 
can readily be represented by spline curve equations 
over most of the length of the ship. However, such is 
not the case for body plan stations, nor for many but- 
tocks, especially near the ends of the ship, where steep 
slopes are often met. In order to overcome this prob- 
lem, some early attempts to define ship lines with the 
aid of a computer required that the coordinate refer- 
ence axes be rotated. More recently, lines have been 
expressed as parametric spline curves, by which the 
curves are defined by a parameter s, rather than di- 
rectly by x,y coordinates. The parameter s is defined 
as the cumulative length of segments of the line from 
the start point up to the point in question (IIT Research 
Institute, 1980). 

A computer program in which this representation is 
used is HULDEF, developed by the U.S. Navy for 
design use but now extended and made available to a 
number of shipyards in the U.S. for final hull form 
definition in the construction phase. HULDEF is said 
to be economical of computer time, and has been made 
compatible with other computer-based hull production 
programs. By HULDEF lines along the hull are de- 
veloped from the given input waterlines and buttocks 
into 1so-girth lines, formed by taking fixed percentages 
of the girthed length around each body plan station 
from centerline to deck edge (or chine) all along the 
hull from the tip of the bow to the stern. The lines are 
mathematized as parametric spline curves. The 
HULDEF system has been provided with interactive 
graphics capability so that the operator can readily 
display curves, first differences, and second differ- 
ences, and can fair these on the scope to suit his own 
idea of fairness. This puts the fairing capability under 
the control and judgment of the operator just as it has 
been in the past under the control of the traditional 
drafter or mold loftsman. However, the previous time 
consuming operation of drawing the line—on a draft- 
ing table or on the mold loft floor—is no longer needed 
(Fuller, et al, 1977). Other similar systems are in use 
in some U.S. shipyards and abroad. 

Computer applications in hydrostatic calculations 
are discussed in Section 5.16. 
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Ship Geometry 


Section 1 


Ships’ 


1.1 Delineation and Arrangement of Lines Draw- 
ing. The exterior form of a ship’s hull is a curved 
surface defined by the lines drawing, or simply ‘the 
lines.” Precise and unambiguous means are needed to 
describe this surface, inasmuch as the ship’s form must 
be configured to accommodate all internals, must meet 
constraints of buoyancy, stability, speed and power, 
and seakeeping, and must be “‘buildable.”’ Hence, the 
lines consist of orthographic projections of the inter- 
sections of the hull form with three mutually perpen- 
dicular sets of planes, drawn to a suitable scale. 

Fig. 1 shows a lines drawing for a single-screw 
cargo-passenger ship. 

The profile or sheer plan shows the hull form in- 
tersected by the centerplane—a vertical plane on the 
ship’s centerline—and by buttock planes which are 
parallel to it, spaced for convenient definition of the 
vessel’s shape and identified by their distance off the 
centerplane. The centerplane intersection shows the 
profile of the bow and stern. Below the profile is the 
half-breadth or waterlines plan, which shows the in- 
tersection of the hull form with planes parallel to the 
horizontal baseplane, which is called the base line. All 
such parallel planes are called waterline planes, or 
waterplanes. It is convenient to space most water- 
planes equally by an integral number of meters (or 
feet and inches), but a closer spacing is often used 
near the baseline where the shape of hull form changes 
rapidly. DWL represents the design waterline, near 
which the fully loaded ship is intended to float. All 
waterlines are identified by their height above the base- 
line. 

The body plan shows the shapes of sections deter- 
mined by the intersection of the hull form with planes 
perpendicular to the buttock and waterline planes. In 
Fig. 1 this is shown above the profile, but it might 
otherwise be drawn to the right or left of the profile, 
using a single extended molded baseline, depending 
upon the width and length of paper being used. Al- 
ternatively, the body plan is sometimes superimposed 


Lines 


on the profile, with the body plan’s centerplane midway 
between the ends of the ship in profile view. Planes 
defining the body plan are known as body plan stations. 
They are usually spaced equally apart, such that there 
are 10 spaces—or multiples thereof—in the length of 
the ship, but with a few extra stations at the ends of 
the ship at one half or one quarter this spacing. 

Most ships are symmetrical about the centerplane, 
and the lines drawing shows waterlines in the half- 
breadth plan on only one side of the centerline. Asym- 
metrical features on some ships, such as overhanging 
flight decks on aircraft carriers, must be depicted sep- 
arately. Correspondingly, the body plan shows sections 
on one side of the centerline only—those in the fore- 
body on the right hand side and those in the afterbody 
on the left. By convention in the U.S., the bow of the 
ship is shown to the right. With the arrangement of 
the lines as shown in Fig. 1, the drawing represents 
a case of first angle projection in descriptive geometry. 

The lines in Fig. 1 represent the molded surface of 
the ship, a surface formed by the outer edges of the 
frames, or inside of the “skin,” in the case of steel, 
aluminum and wooden vessels. In the case of glass 
reinforced plastic vessels, the molded surface is the 
outside of the hull. (The term molded surface undoubt- 
edly arose from the use of wooden “molds” set up to 
establish a surface in space to which frames could be 
formed when wooden vessels were being built). 

The shell plating of a steel or aluminum ship con- 
stitutes the outer covering of the molded surface. The 
shell plating is relatively thin and is formed of plates 
that are usually of varying thickness, causing some 
unevenness, although the molded surface is generally 
smooth and continuous. 

The thickness of planking of a wooden boat is rel- 
atively larger than the shell thickness of a steel vessel, 
and it is the usual practice to draw the lines of a 
wooden boat to represent the surface formed by the 
outside of the planking, since this gives the true ex- 
ternal form. However, for construction purposes it is 
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necessary to deal with the molded form, and therefore 
it is not unusual to find the molded form of wooden 
vessels delineated on a separate lines drawing. 

In the sheer plan of Fig. 1, the base line, repre- 
senting the bottom of the vessel, is parallel to the 
DWL, showing that the vessel is designed for an “even- 
keel” condition. Some vessels—especially tugs and 
fishing vessels—are often designed with the molded 
keel line raked downward aft, giving more draft at the 
stern than the bow when floating at the DWL; such 
vessels are said to have a designed drag to the keel. 

1.2 Perpendiculars; Length Between Perpendicu- 
lars. A vertical line in the sheer plan of Fig. 1 is drawn 
at the intersection of the DWL, which is often the 
estimated summer load line (defined subsequently), 
and the forward side of the stem. This is known as 
the forward perpendicular, abbreviated as FP. A 
slight inconsistency is introduced by this definition of 
FP in that the forward side of the stem is generally 
in a surface exterior to the molded form by the thick- 
ness of contiguous shell plating—or by the stem thick- 
ness itself if the stem is of rolled plate. 

A corresponding vertical line is drawn at the stern, 
designated the after perpendicular or AP. When 
there is a rudder post the AP is located where the after 
side of the rudder post intersects the DWL. In Fig. 1 
the AP is drawn at the centerline of the rudder stock, 
which is the customary location for merchant ships 
without a well defined sternpost or rudder post. In the 
case of naval ships, it is customary to define the AP 
at the after end of the vessel on the DWL. Such a 
location is also sometimes chosen for merchant ves- 
sels—especially vessels with a submerged stern profile 
extending well abaft the rudder. Fig. 2 shows the var- 
ious locations of the AP here described. 

An important characteristic of a ship is its length 
between perpendiculars, sometimes abbreviated LBP 
or Lpp. This represents the fore-and-aft distance be- 
tween the FP and AP, and is generally the same as 
the length L defined in the American Bureau of Ship- 
ping Rules for Building and Classing Steel Vessels 
(Annual)’. However, in the Rules there is included the 
proviso that L, for use in the Rules, is not to be less 
than 96 percent and need not be greater than 97 per- 
cent of the length on the summer load line. The sum- 
mer load line is the deepest waterline to which a 
merchant vessel may legally be loaded during the sum- 
mer months in certain specified geographical zones. 
Methods for determining the summer load line are 
covered in the discussion of freeboard in Ship Design 
and Construction (Taggart, 1980). 

When comparing different designs, a consistent 
method of measuring ship lengths should be used. 
Overall length is invariably available from the vessel’s 
plans and LBP is usually also recorded. However, for 
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hydrodynamic purposes, length on the prevailing 
waterline may be significant; alternatively, an “effec- 
tive length’ of the underwater body for resistance 
considerations is sometimes required. 

One useful method of determining the after end of 
effective length is to make use of a sectional area 
curve, whose ordinates represent the underwater cross 
sectional area of the vessel up to the DWL at a series 
of stations along its length. (See Section 1.7.) The ef- 
fective length is usually considered as the overall 
length of the sectional area curve. However, if the 
curve has a concave ending, a straight line from the 
midship-cross-sectional area can be drawn tangent to 
the curve, as shown in Fig. 3. The intersection of this 
straight line tangent with the baseline of the graph 
may then be considered to represent the after end of 
the effective length. On many single-screw designs it 
has been found that the point so determined is close 
to the location of the AP. Such an effective length 
ending might then be used in calculating hull form 
coefficients, as discussed in Section 3. A similar defi- 
nition for the forward end of effective length might 
be adopted for ships with protruding bulbous bows 
extending forward of the FP. 

It is important that in all calculations and measure- 
ments relating to length, the method of determining 
the length used, and the location of its extremities be 
clearly defined. 

1.3. Midship Section; Parallel Middle Body. An im- 
portant matter for any ship is the location and shape 
of the midship cross section, generally designated by 
the symbol (%), which was originally used to indicate 
the fullest cross section of the vessel. In some of the 
early sailing ships this fullest section was forward of 
the midlength, and in some high-speed ships and sailing 
yachts, the fullest section under water is somewhat 
abaft the midlength. In any case, the usual practice in 
modern commercial vessels of most types is to locate 
(%) halfway between the perpendiculars, while in naval 
ships it is usually midway between the ends of the 
DWL. 

In many modern vessels, particularly cargo vessels, 
the form of cross section below the DWL amidships 
extends without change for some distance forward and 
aft, usually including the midship location. Such ves- 
sels are said to have parallel middle body. The ship in 
Fig. 1 has no parallel middle body, but the form of 
section under water changes but slightly for small 
distances forward or abaft the fullest section, which 
is located amidships. 

1.4 Body Plan Stations; Frame Lines; Deck Lines. In 
order to simplify the calculation of underwater form 
characteristics, it is customary to divide the LBP into 
10—or 20, or 40—intervals by the body plan planes. 
The locations of these planes are known as body plan 
stations, or simply stations, and are indicated by 
straight lines drawn in the profile and half-breadth 
plans at right angles to the vessel’s baseline and cen- 
terline, respectively. The intersections of these planes 
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with the molded form appear in their true shape in the 
body plan. 

Body plan stations are customarily numbered from 
the bow, with the FP designated as station 0. In Europe 
and Japan, however, station 0 is often located at the 
AP, with station numbering from aft forward. For the 
ship shown in Fig. 1, station No. 10 represents the 
stern extremity of the vessel for calculations relating 
to the underwater body. It will be noted that additional 
stations are drawn midway between stations 0 and 1, 
and 9 and 10, and sometimes between 1 and 2, and 8 
and 9, as well. This is done to better define the vessel’s 
form near the ends where it may change rapidly for 
small longitudinal distances. 

Additional stations are often also shown forward of 
the FP and abaft the AP. These may receive letter or 
distance designations from the perpendiculars, or a 
continuation of the numbering system equivalent to 
that used in the remainder of the ship, as negative 
numbers forward of the FP and numbers in excess of 
10 (or 20, etc.) abaft the AP. 
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Body plan station planes are not to be confused with 
planes at which the vessel’s frames are located, al- 
though frames are normally located in planes normal 
to the baseplane and longitudinal centerplane, which 
are therefore parallel to body plan station planes. 
Frames are normally spaced to suit the structure and 
arrangement of internals and their location is not de- 
pendent upon station plane locations. On some naval 
ships, frame spacing is an integral number of feet or 
one meter. Frame locations are usually chosen early 
in the design of a ship, and it is customary to show 
them on arrangement drawings and frequently also 
on final lines drawings. Therefore, frame locations, and 
their spacing, must be clearly stated. A body plan at 
frame locations is frequently drawn to assist the ship- 
yard in fabricating the frames. 

Frames are generally numbered with integer num- 
bers, either starting at the FP and increasing aft, or 
at the AP and increasing forward. The latter practice 
is customary in tankers. In some instances, particu- 
larly naval ships, frames have been identified by the 
distance of the frame plane in meters from the FP. 

A frame plane establishes a molded line, or surface, 
which will be coincident with the plane of either the 
forward or after edge of the frame. The location of 
frames, either forward of or abaft the frame line, 
should be clearly stated on relevant drawings. 

The outline of the ship is completed in the sheer plan 
by showing the line of the main deck at the side of 
the ship, and also at the longitudinal centerline plane 
whenever, as is usual, the deck surface is crowned or 
cambered, i.e., curved in an athwartship direction with 
convex surface upwards, or sloped by straight lines to 
a low point at the deck edge. A ship’s deck is also 
usually given longitudinal sheer; i.e., it is curved up- 
wards towards the ends, usually more at the bow than 
at the stern. In case the sheer line of the deck at side 
curves downward at the ends, the ship is said to have 
reverse sheer. 

Similarly, lines are shown for the forecastle, bridge, 
and poop decks when these are fitted; sometimes decks 
below the main deck are also shown. All such deck 
lines generally designate the molded surface of the 


bone AFTERBODY na — FOREBODY > 
PARALLEL 
—<—$——__——— RUN 1 oie sony joe———-— ENTRANCE | 


POINT OF TANGENCY 


| 
| 
| 
+ 


5 0 


Fig. 3. Geometry of sectional area curve 


SHIP GEOMETRY 5 


CAMBER 


TUMBLE HOME AT MAIN DECK 
_ MAIN DECK AT SIDE 


CENTERLINE 
OF SHIP 


rp HALES SIDE DIMENSION OF 
be FLAT PORTION AT KEEL 


TOP OF SECOND DECK BEAM 


|_ SECOND DECK AT SIDE 


~—P 


DEPTH 
TO 

MAIN DK. 

AT @ 
MOLDED | 

DEPTH 

TO j 
SECOND OK. } 


aT i 


AT 


Cc 
DEADRISE Z 


ONE-HALF OF BREADTH, MOLDED 


B — MOLDED BASE LINE 


Fig. 4 Midship section, molded form 


respective deck; i.e., the surface at the top of the deck 
beams, and are consequently referred to as molded 
‘deck lines at side or at center as the case may be. 

In the lines drawing, Fig. 1, the curve of the main 
deck at the side is projected into the sheer plan as the 
curve C’F’ J and into the body plan as J”D” F” for the 
fore body and as F”E£"C” for the after body, and also 
into the half-breadth plan as the curve C,F,/,, which 
is known as the half-breadth line of the main deck. 

Through the point where the molded sheer line of 
the main deck at side intersects the midship station in 
the sheer plan, there may be drawn a level line called 
the molded depth line of main deck at side. At any 
particular station, the vertical distance between this 
line and the sheer line of deck at side is known as the 
sheer of the deck at that station. The sheer of a deck 
would, therefore, be zero at the midship station, and 
it may be zero for an appreciable distance either for- 
ward of or abaft amidships. Of particular interest are 
the values of sheer at FP and AP. 

The sheer line of deck at side in some vessels, par- 
ticularly yachts, may dip below the level of the molded 
depth line at side. This usually occurs, if at all, in the 
region immediately abaft amidships, and the sheer of 
the deck in such a region is measured below the level 
of the molded depth line at side and is considered to 
have a negative value. 

The molded lines of the principal transverse bulk- 
heads are sometimes also shown on final drawings. 


1.5 Molded Base Line; Molded Dimensions. The 
molded base line, drawn in the sheer plan and body 
plan as a straight horizontal line, represents an im- 
portant reference datum, both for design and construc- 
tion purposes. The line, in fact, represents a plane in 
space to which many vertical heights are referred. It 
also represents the bottom of the vessel’s molded sur- 
face, and so is coincident with the top surface of the 
flat plate keel on most straight-keel ships with a single 
thickness of she} plating. 

In the event the keel line of a ship is straight, but 
the vessel has a designed drag to the keel, it usually 
slopes downward aft. In this case the molded base line 
may mark the bottom of the molded surface amidships, 
or at the AP. When drawing the lines for such a vessel, 
the bottom of the molded surface is shown as a raked 
line. 

In the event the vessel is designed with an external 
hanging bar keel, extending below the shell plating 
surface, the bottom of keel is drawn in the sheer plan 
to complete the lower contour of the vessel. However, 
on most other ships, only the bottom of the molded 
surface is drawn. 

In the case of ships with “in and out” riveted plating, 
the keel plate is usually an “out” strake and the bottom 
of keel is then below the molded base line by not only 
its own thickness but that of the first outboard, or 
garboard strake, as well. 

The molded depth of a vessel is the vertical distance 
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between the molded base line and the molded depth 


line of the uppermost deck at side as shown in Fig. 4. 

The distance from K to B in Fig. 4 is one-half of the 
important dimension known as the molded beam or 
molded breadth of the vessel, which is normally a max- 
imum at the midship station. 

1.6 Characteristics of the Sections. In Fig. 4 from 
the point A the molded line of the bottom of the midship 
section extends towards the side in a straight line AC. 
This line often is inclined upwards slightly and inter- 
sects, at the point C, the vertical line HB drawn tangent 
to the widest part of the underwater body. 

The line AC is known as the floor line, and the dis- 
tance BC is referred to variously as the deadrise, rise 
of floor, or rise of bottom. For the ship shown in Fig. 
1, the deadrise is 0.305 m. 

The point K in Fig. 4 at the vessel’s centerline is at 
the lowest part of the molded surface and the distance 
KA is the half-side dimension of the flat portion of the 
molded surface in the vicinity of the keel i.e., to the 
beginning of the deadrise. This half-side dimension is 
small in vessels having a hanging bar keel, being sim- 
ply the half-thickness of the bar forming the keel, but 
in vessels having a dished-plate keel it will be consid- 
erably more, depending upon the size of the ship. It 
does not apply at all to ships with no deadrise. 

The curved portion of the section, as at D, which 
joins the floor line with the side, is known as the turn 
of bilge and may be further described as a “hard” or 
as an “easy” turn of bilge, where hard refers to a 
small radius of curvature. The turn of bilge throughout 
the parallel middle body is usually, but not necessarily, 
a circular arc, and the radius of this curve is known 
as the bilge radius. 

The molded line of the side above the waterline some- 
times extends inboard somewhat to meet the line of 
the top of the main deck beam. In Fig. 4 this inter- 
section is at the point F. The horizontal distance EF 
is known as tumble home at the deck. The opposite 
of tumble home is known as flare, and it is measured 
in a similar way. 

A horizontal line through F'in Fig. 4 meets the cen- 
terline of the section at P; the distance PH is called 
camber or round of beam. The camber curve may be 
an arc of a circle, a parabola, or several straight lines. 
Standard past practice has been to provide about 2 
percent of the total breadth of the ship as camber 
amidships, and then to use the camber curve so de- 
termined as applicable to all other fore and aft loca- 
tions. The use of camber accomplishes the important 
function of assuring that rain water and water shipped 
aboard will drain off readily. 

1.7 Sectional Area Curve. A fundamental drawing 
in the design of a ship—particularly relative to re- 
sistance—is the sectional area curve, shown in Fig. 3 
for a ship with some parallel middle body. The sectional 
area curve represents the longitudinal distribution of 
cross sectional area below the DWL. The ordinates of 
a sectional area curve are plotted in distance-squared 


units. Inasmuch as the horizontal scale, or abscissa, 
of Fig. 3 represents longitudinal distances along the 
ship, it is clear that the area under the curve represents 
the volume of water displaced by the vessel up to the 
DWL, or volume of displacement. 

Alternatively, the ordinate and abscissa of the curve 
may be made non-dimensional by dividing by the mid- 
ship area and length of ship, respectively. In either 
case, the shape of the sectional area curve determines 
the relative “fullness” of the ship (See Section 8). 

The presence of parallel middle body is manifested 
by that portion of the sectional area curve parallel to 
the baseline of the curve. The. shoulder is defined as 
the region of generally greater curvature (smaller ra- 
dius of curvature) where the middle body portion of 
the curve joins the inward sloping portions at bow or 
stern. 

The centroid of the vessel’s sectional area curve is 
at the same longitudinal location as the center of buoy- 
ancy, LCB, and the ratio of the area under the sectional 
area curve to the area of a circumscribing rectangle 
is equal to the prismatic coefficient, C,, (See Section 


Fig. 3 also shows the customary division of the un- 
derwater body into forebody and afterbody, forward 
of and abaft amidships, respectively. Entrance and 
run, which represent the ends of the vessel forward 
of and abaft the parallel middle body, are also shown. 

1.8 Molded Drafts; Keel Drafts; Navigational Drafts; 
Draft Marks. In general, the amount of water a vessel 
draws, or draft, is the distance measured vertically 
from the waterline at which the vessel is floating to 
its bottom. Drafts may be measured at different lo- 
cations along the length. They are known as molded 
drafts if measured to the molded baseline; keel drafts 
if measured to the bottom of the keel. Mean draft is 
defined as the average of drafts forward and aft. 

Ships are customarily provided with draft marks at 
the ends and amidships, arranged in a plane parallel 
to station planes and placed as close to the perpendic- 
ulars as practical. These draft marks are for the guid- 
ance of operating personnel, and therefore the drafts 
indicated should be keel drafts. The marks are painted 
in a readily visible color to contrast with the color of 
the hull. Arabic numerals are usually used on mer- 
chant vessels, although Roman numerals also appear 
on some naval ships, particularly in way of appendages 
that extend below the baseline. The bottom of the 
numeral is located at the indicated waterline. For many 
years it has been the practice to use numerals 6 inches 
high and to mark the drafts in feet at every foot above 
the keel. Thus, if one were to see the numeral half 
immersed, the prevailing draft would be three inches 
deeper than the half-immersed number in ft. 

With the ultimate conversion to the metric system 
in the United States a reasonable practice would seem 
to be that adopted by Australian maritime authorities 
(Australian Dept. of Transport, 1974). This provides 
that drafts be shown in meters at every meter in Arabic 
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numerals, followed by M. Intermediate drafts are 
shown at every 0.2 m (2 decimeters), but only the 
numerals 2, 4, 6 and 8 are shown, with no decimeter 
designation. All numerals are to be one decimeter high. 
Thus, draft marks between 11 and 12 meters would 
show, 


The difference between drafts forward and aft is 
called trim. If the draft aft exceeds that forward, the 
vessel is said to have trim by the stern. An excess of 
draft forward causes trim by the bow—or trim by the 
head. When trim is determined by reading the draft 
marks and the angle of inclination or the displacement 
of the vessel is to be determined, it is important to 
account for the specific fore and aft location of the 
marks. 

Some vessels are designed with local projections be- 
low the keel of a permanent nature—for example, 
sonar transducer housings (domes), and the propeller 
blade tips of some naval vessels. It is important that 
operating personnel be well aware of the distance be- 
low the keel to which such projections extend. Navi- 
gational drafts—which represent the minimum depth 
of water in which the vessel can float without striking 
the bottom — would exceed keel drafts by this distance. 

1.9 Diagonals; Types of Intersecting Planes. The 
shape of curves shown by the stations, buttock lines 
and waterlines do not necessarily convey the shape of 
hull form as one might wish to see it, and the designer 
need not be limited to use of these planes. Additional 
planes with which the hull form is sometimes inter- 
cepted are diagonal planes, which are planes normal 
to station planes, but inclined with respect to the 
baseplane and the longitudinal centerplane. Such a 
plane appears as a straight line in the body plan. The 
inclination of a diagonal plane is generally chosen so 
that it is approximately normal to the body plan sec- 
tions. 

It is customary to show the resulting intercept 
curve, called a diagonal, below the half-breadth view 
in the lines drawing. This practice has been followed 
in Fig. 1. Thus, the expansion of the diagonal is a plot 
of distance from the point W on the ship’s C.L. in the 
body plan to the points where ZW crosses each station. 
The particular diagonal shown in Fig. 1 is called a bilge 
diagonal, inasmuch as it intersects the bilge. Point W 
is at the DWL on the vessel’s centerline, and point Z 
marks the intersection of the vessel’s half-beam line 
and deadrise line. 

Projections showing the intersections of diagonal 


planes with the molded surface are generally omitted 
in the half-breadth plan and the profile. 

1.10 Cant Frame Lines. On some types of vessels, 
it is found that near the ends of the vessel, the incli- 
nation of the ship’s surface to the planes of transverse 
frames becomes so great as to require these planes to 
be moved to a position more nearly normal to the 
surface, so that the frame when so constructed may 
give a better support to the surface in its vicinity. In 
the event the plane of the frame remains normal to 
the baseplane, the trace of the plane in the centerplane 
appears as a line perpendicular to the molded baseline 
in the sheer plan, and the frame is called a single cant 
Srame, or simply cant frame. 

Frames are also occasionally placed in planes normal 
to the longitudinal centerplane, but inclined to the 
baseplane, whereby the trace of the plane in the 
baseplane, as seen in the half-breadth plan, is perpen- 
dicular to the vessels’ centerline. The term inclined 
JSrame has been applied to this case. 

Double cant frames lie in planes which are neither 
normal to the longitudinal centerplane nor the base- 
plane. Determining the trace of such a plane in the 
molded surface is an exercise in descriptive geometry, 
and such frames are rarely used. 

1.11 Fairness: Fairing of Lines. It is of interest to 
note certain features of hull form shown by the lines 
in Fig. 1. The lower waterline shapes near the bow 
and stern are drawn with some hollow—that is, they 
are concave. Similarly, the body plan sections and but- 
tocks are hollow, generally, in the vicinity of the DWL 
and particularly in the afterbody. Thus the shape of 
the lines in one view is reflected in the other views, 
and vice versa. 

With the exception of deliberate discontinuities at 
the stem, knuckles, chines, transom corners, etc., the 
shape of a vessel’s exterior form below the deck is 
virtually always designed as a fair surface. A fair 
surface is defined as one that is smooth and continuous, 
and which has no local bumps or hollows, no hard spots 
and a minimum of points of inflection. Localized flat 
spots between areas of the surface with curvatures of 
equal sign are generally considered unfair, unless they 
occur as part of the bottom or sides, especially with 
parallel middle body. Mathematically, the property of 
fairness of surface might be thought of as that of 
continuity in a plot of curvature, or radius of curva- 
ture, of the intersection of any plane with the surface. 
Inasmuch as waterlines, buttocks, station lines and 
diagonals all represent the intersection of planes with 
the molded surface, it may be seen that a fair hull 
form will be characterized by fairness in these curves; 
correspondingly, it is usually assumed that if these 
curves are fair, then so will the hull form. In general, 
discontinuities in the first derivative, indicating abrupt 
changes in slope, occur at knuckle lines. Other sudden 
changes in curvature, indicated by discontinuities in 
the second derivative, are considered to show unfair- 
ness. A common situation on ships with parallel middle 
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body is a bilge of constant radius, 7, connecting to flat 
bottom and/or side, with a change in curvature of the 
transverse section from 1/r to 0 at the point of tan- 
gency. Although such a section is not fair, its shape 
is not necessarily disadvantageous. It can be made fair 
if desired by easing the transition in curvature. On the 
other hand, continuity in both first and second deriv- 
atives does not guarantee fairness, inasmuch as the 
achievement of fairness has always been and probably 
will continue to be a matter of opinion or judgment. 

An additional condition implied by the term fairness 
is that of consistency, that is, each projection of any 
point on the surface onto the corresponding reference 
plane must agree with the locations of its other pro- 
jections. For example, consider a point P to be on the 
surface of the ship in Fig. 1 at station 7 and 4 ft (1.22 
m) above the molded base line. This point would be 
shown in the sheer plan at P’. Its location in the body 
plan would be on transverse section 7, and on the 4- 
ft WL. The horizontal distance of the point P from the 
ship’s centerplane would be determined by the distance 
in the body plan of the point P” from the ship’s cen- 
terline, as PR The point P, in the half-breadth plan 
would be at the ordinate for station 7 and on the 4-ft 
WL and its distance from the ship’s centerline would 
be P,R, as shown in that plan. A test of consistency 
of the point P would be that the distance PR, in the 
half-breadth plan must equal P’R” in the body plan. 

In case the point P had been originally selected on 
the surface at a location where no transverse section, 
waterline, or buttock already existed, a check of fair- 
ness would require one to introduce any two of these 
three types of intersecting planes through the point, 
find the corresponding projections of the lines of 
intersection and proceed as before. 

The process of fairing a set of lines is invariably an 
iterative, or cut and try one, requiring patience and 
perseverance. It consists essentially of investigating 
the fairness or suitability of each line of the vessel in 
succession. It often happens that, after testing and 
accepting a number of lines, the next line to be con- 
sidered will require changes to be made to it that will 
be so far-reaching as to affect some of the lines pre- 
viously accepted. It then becomes necessary to make 
whatever changes seems best, all things considered, 
and to proceed anew through the same fairing steps 
as before. Usually several such difficulties have to be 
overcome successively before the whole fairing proc- 
ess is completed. Thus, the process may be laborious. 

Fairing lines for a new ship design is normally ac- 
complished at least twice—first in the design phase, 
and second in the construction phase, at which time 
the lines are faired either full-scale, on the mold loft 
floor, or in the optical detailing room to a scale of 1/ 
10 or 1/20 of full size, or by computer as discussed in 
Section 1.16. In the design phase, there is greater free- 
dom to make changes and to achieve hull form features 
which the designer favors. Curves are usually drawn 
using a combination of free hand sketching, ship 


curves and flexible battens (or splines) held by batten 
weights (‘‘ducks’’). 

Waterlines are usually drawn by the last of these 
methods. A uniform batten will be fair between a pair 
of ducks, but it can be forced into an unfair overall 
curve by the ducks. Hence, a customary method of 
fairing or smoothing is to adjust the ducks—and hence 
the batten defining the waterline—until any one of the 
ducks can be removed without the batten moving. This 
is intended to assure that changes in curvature are 
made gradually. 

In the final design or construction phase, the lines 
are reasonably well defined at the start. The process 
of fairing is more localized and directed at achieving 
consistency among the various views. However, the 
larger scale used in this case is intended to assure that 
local deviations, which may not have been evident in 
the earlier small-scale design phase, will be eliminated. 

1.12 Developing a Set of Lines. The development 
of a set of lines presupposes a tentative (or final) se- 
lection of suitable hull dimensions, coefficients (section 
3), LCB, sectional area curve (Fig. 3) and design water- 
line. This selection is based on considerations of dis- 
placement, capacity, trim, stability, resistance and 
propulsion, all of which are discussed in other chapters, 
as well as in the chapter on Mission Analysis and Basic 
Design, Ship Design and Construction (Taggart, 
1980). Fig. 5 is a generalized plot whereby the offsets 
of a sectional area curve may be drawn to fit prescribed 
hull features (prismatic coefficients and LCB.) In order 
to use Fig. 5, one enters Fig. 5a with LCB and total 
C, to get Cp, and Cp;; these are then used in Fig. 5b 
to find the sectional area curve offsets. 

Given the desired hull characteristics, the process 
of drawing and fairing a preliminary small-scale set 
of lines generally begins with fixing the profile of the 
vessel in the centerplane, the design waterline and 
deck line in the half-breadth plan, and the midship body 
plan section. Intermediate sections may next be 
sketched in to satisfy the pre-determined sectional area 
curve, often by reference to previous designs and typ- 
ical hull forms (SNAME Hydrodynamics Committee, 
1966). A few additional waterlines, between the deck 
and the DWL, and between the DWL and the baseline, 
are then drawn in the half-breadth view using half- 
breadths at the stations and making as small and as 
few changes as possible in these. The sections in the 
body plan are then changed to achieve consistency with 
the waterline half-breadths, and section areas checked. 
A few buttocks are then drawn in and checked and 
the process repeated. Alternatively, diagonals, rather 
than waterlines, are preferred by some designers as 
a fairing medium, and are used to check the consis- 
tency of section shape variation from station to station 
before buttocks and intermediate waterlines are 
drawn. Liberal use of the eraser is required, the draw- 
ing frequently being made on the back of transparent 
cross-section paper, chosen so that the grid of the 
paper matches the grid of waterlines, buttocks and 
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Fig. 6 Typical original and modified stern lines 


stations desired. Because of the flatness of angle of 
intersection of buttocks and waterlines on narrow, fine- 
lined ships at the quarter length, it is sometimes the 
practice to foreshorten station spacing in the profile 
and half breadth plan to assist in fairing. 

As the ship design progresses, one or more larger 
scale lines drawings must be prepared and faired with 
increasing precision. In the fairing process, some gen- 
eral guides should be remembered. For example, the 
general shape of buttock endings, particularly for but- 
tocks near the ship’s centerline, must reflect the shape 
of body plan stations, if a gradual and progressive 
hange of waterline slope is to be achieved. Fig. 6A 
illustrates a case in which (a) this guide was not fol- 
lowed, and (b) the lines might be modified to suit the 
guide. 

Nine of the often conflicting considerations involved 
in developing a set of lines, other than those of re- 
sistance and propulsion discussed in detail in Chapter 
V, may be noted here: 

(a) Generous clearances around the propeller tend 
to reduce vibration excitation forces, but a large di- 
ameter propeller tends to improve populsive efficiency 
and hence to reduce required shaft horsepower, as- 
suming the propeller design is not restricted in RPM. 

(b) A large amount of “fin” area aft, both fixed and 
movable, tends to promote directional stability. Gen- 
erous movable area (rudder area) tends to improve the 
ability to initiate and recover from turns. 

(c) A small bilge radius, together with a bilge keel 
right at the turn of the bilge, tends to increase roll 
damping. However, wetted surface, and hence fric- 
tional resistance, tend to be increased by a small bilge 
radius. 

(a) V-sections are generally favorable to stability 
and seakeeping performance, but are often objection- 
able from the viewpoint of resistance and/or propul- 
sion. 


(e) Ships which must operate in heavy weather may 
experience slamming on the fiat of bottom forward 
unless large deadrise angles are used and the extent 
of flatness is minimized. However, a long straight flat 
keel is desirable from drydocking considerations. 

() Generous flare forward, sometimes with a gently 
sloped longitudinal knuckle well above the waterline, 
may be used instead of an increase in freeboard for- 
ward in achieving dry decks when in a seaway. 

(g) Ships with bulbous bows may experience dam- 
age to the bulb from anchor handling unless the bow 
in way of the hawsepipe is flared out sufficiently to 
allow an unobstructed drop from the pipe extremity, 
taking into account the possibility of the ship’s rolling 
to the opposite side. 

(h) Hull surfaces composed of portions of cylinders 
and cones—i.e., developable surfaces—are more eas- 
ily fabricated than surfaces of compound curvature, 
but may incur added resistance. See section 1.14. 

(i) Excessive waterline angles forward of the pro- 
peller should be avoided, as well as blunt waterline 
endings, since they may promote separation in the 
flow, especially in the case of very full, slow-speed 
vessels. Such separation tends to cause propeller- 
excited vibration, as well as greater resistance and 
less efficient propulsion. 


1.13 Offsets. In the process of building a ship, 
some means must be devised for determining the 
shapes of the frames with greater precision than can 
be obtained directly from the usual lines drawings. It 
has been the practice in most shipyards in the past, to 
attain the necessary accuracy, to redraw and refair 
the lines to full size on a large wooden floor located 
in a space known as the mold loft. The mold loftsmen 
were supplied sufficient information to enable certain 
portions or the whole of the vessel’s lines to be drawn 
full size, often in contracted form, i.e., with all breadths 
and heights full size but with lengths reduced. These 
operations, complete with refairing as necessary, are 
known as laying off or laying down the lines. 

For laying off a mold loftsman needs not only the 
lines drawing but also a list of the measurements he 
must use in locating points through which the various 
curves are to be drawn. Consider a waterline in the 
half-breadth plan and suppose that the distance on 
each station from the vessel’s centerline to the water- 
line were measured. Such measurements are known 
as offsets, and by their use the loftsman can lay off 
the necessary points on the floor through which the 
required curve can be drawn in a fair line by using 
long flexible wooden battens. For a buttock line in the 
sheer plan, the offsets would be given as heights above 
the molded base line at each station. If in the English 
system, these would be in feet, inches, and eighths (or 
sixteenths) of an inch. It is expected that as shipyards 
in the U. 8S. convert to the metric system, full-scale 
offsets will be recorded to the nearest millimeter— 
that is, three decimal places after the meter—inas- 
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Table 1—Typical Table of Offsets 
Halfbreadths, m 


Half Bottom 4ftWL 8ftWL 16-ftWL 24-ft WL 27-ftWL 32-ft WL 
Station Siding tangent 1.219m 2.438 m 4.877 m 7.315 m 8.230 m 9.754 m Station 
0, FP 0 _ 0.759 0.581 0.108 — — 0.183 0, FP 
ve 0.394 —_— 1.308 1.432 1.270 1.172 1.245 1.613 yA 
1 0.483 _— 1.968 2.4388 2.780 2.962 3.140 3.610 1 
14% 0.571 — 2.978 8.848 4.626 5.102 5.359 5.886 1% 
2 0.660 —_— 4.324 5.5384 6.575 7.315 7.597 8.093 2 
3 oe 0.860 7.509 8.909 10.173 10.792 10.956 11.195 3 
4 - 3.832 10.298 11.208 11.830 11.986 12.007 12.038 4 
5 " 9.144 11.417 11.916 12.089 12.039 12.039 12.039 5 
6 . 6.268 10.844 11.338 11.983 12.039 12.0389 12.039 6 
7 e 2.324 6.833 8.490 10.627 11.703 11.899 12.083 7 
8 £ 0.679 3.314 4,423 6.788 9.458 10.271 11.246 8 
8¥ id 0.660 2.207 2.896 4,518 7.306 8.417 9.976 gy 
9 0.660 — 1.445 1.778 2.508 4.677 5.962 7,973 9 
9% 0.482 — 0.549 0.568 0.600 1.553 8.057 5.410 9% 
10, AP _ _— — _— _— — — 2.130 10, AP 
10-ft aft _— _— — —_ _— — _— — 10-ft aft 
(3.048m) (3.048m) 
Table 1 (continued) 
Halfbreadths, m Buttock Heights, m 
I I III IV Vv 
40-ft WL Main Foc’sle 4-ft 8-ft 16-ft 24-ft 32-ft 
Station 12.192 m k 1.219 m 2.438 m 4.877 m 7.315 m Station 
0, FP 0.879 2.337 4.477 12.872 14.967 —_— — — 0, FP 
y, 2.775 4,483 6.674 0.911 11.586 15.335 — — yA 
4,823 6.518 8.477 0.378 2.438 12.284 15.888 — 1 
1% 6.988 8.404 9.934 0.178 0.787 6.401 12.808 17.066 1% 
2 8.979 9.966 11.011 0.083 0.368 1.654 7.315 14.167 2 
3 11.484 11.716 11.944 0.019 0.089 0.359 1.111 3.810 3 
4 12.039 12.089 _ 0.016 0.048 0.117 0.251 0.851 4 
5 is " — ” “ 0.111 0.178 0.279 5 
6 “ . _ . . 0.111 0.213 0.835 6 
7 12.039 i" — 0.016 0.048 0.394 1.524 3.708 7 
8 11.982 12.039 —_ 0.044 0.517 2.953 5.347 7.630 8 
8% 11.389 11.890 — 0.175 1.600 5.264 7.325 9.503 8% 
9 10.252 11.370 — 0.676 4.712 7.461 9.223 11.510 9 
9% 8.236 10.001 — 7.074 7.852 9.389 11.271 14.478 9% 
10, AP 4,861 6.826 —_ 9.098 9.989 12.211 — — 0, AP 
10-ft aft 2.658 4.553 —_ 10.598 11.919 —_ —_ — 10-ft aft 
(3.048m) (3.048m) 


much as one millimeter = 0.0397 in. ~ 1/25 in., very 
nearly. 

A complete set of offsets for the various lines of the 
vessel, arranged in tabular form, is known as a table 
of offsets. The typical example given in Table 1 applies 
to the ship shown in Fig. 1. Sometimes such tables are 
included on the lines plan. The offsets originally sup- 
plied to the loftsmen are usually marked “prelimi- 
nary.” After the lines have been faired on the loft 
floor, another set of offsets, known as the “returned” 
or “finished” table of offsets is usually lifted from the 
floor and returned to the drafting office. This finished 
set should include offsets lifted for every frame station 


throughout the ship, in addition to those for the lines 
stations. 

Fairing ship lines on a mold loft floor is time con- 
suming and requires substantial amounts of floor 
space. To overcome these disadvantages, some ship- 
yards in the 1950s began to have the preliminary lines 
redrawn and refaired to a scale of one-tenth of full 
size, the work being done on large drawing tables with 
precise drafting instruments. Originally 1/10-scale 
drawings of structural parts were made and photo- 
graphically reduced to 1/100 or less of full scale. The 
photographic negatives were then projected optically 
full-size onto the plates for marking and cutting. Later 
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Fig. 8 Construction drawing for developable surface lines 


To find ruling between deck edge and chine: Curve GHLJ is the intersection of plane DGJF with a cylindical 

1. Draw DF, tangent to chine at E. surface with vertical elements through deck edge. 

2. Draw DG, EH and FJ in half-breadth plan parallel to each other To find ruling between stem profile and chine: 
at arbitrary angle. 1. Draw PA and Ps tangent to chine at P. 

3. Project G to deck edge in profile. 2. Project point A in half breadth at cL, to point B in profile. 

4. Find points M and J in profile as projections from half-breadth 3. Draw BC tangent to stem profile at ¢, giving end c of ruling PC. 
where DG, EH and Fi are parallel. 

5. Draw curve GHJ in profile cutting deck edge at L. 

6. M is midpoint of GL and is end of ruling EM 


Plane DGJF is tangent to chine at E. 
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the 1/10-scale drawings were used directly as tem- 
plates for optically controlled burning machines. Off- 
sets from the 1/10-scale lines were considered to be 
the finished offsets. 

During the 1960s and 1970s there was rapid devel- 
opment of the use of computers, and most large ship- 
yards now use computers as an aid to the entire 
process of fairing the lines (section 1.16), computing 
the offsets, and preparing numerical control] for au- 
tomatic flame cutting. See Chapter XVI, Ship Design 
and Construction (Taggart, 1980) for further details. 

1.14 Developable and Straight-Frame Lines. Ship 
hull forms as traditionally designed are composed of 
surfaces of compound curvature, such that the inter- 
section of any plane with the surface will form a curved 
line. A simpler type of curvilinear surface is one on 
which the intersection of certain planes with the sur- 
face form straight lines—called rulings or ele- 
ments—which never cross each other. Such a surface 
is known as a developable surface because it is possible 
to unbend or unroll the surface and flatten it into a 
plane. Hence, it will usually be a portion of cylinders 
or of cones. Correspondingly, it is possible to form a 
developable surface from a plane surface, such as a 
sheet of paper or a sheet of steel, by bending it in only 
one direction along successive rulings. 

Hull forms composed entirely of developable sur- 
faces have been successfully designed, particularly for 
smaller vessels, but they have potential value for 
larger vessels as well. The different surfaces usually 
connect at chines, or curved knuckle lines, which 
should be oriented to follow lines of flow as much as 
possible. 

According to the method described by Kilgore (1967), 
a developable surface can be formed to include two 
arbitrary curves in space, provided the curvature of 
the projections of the two curves on the planes of a 
Cartesian system always have the same sign. How- 
ever, this is not a necessary condition and the drafter 
must rely on experience and sometimes on trial. 
Michelsen, in discussing Kilgore (1967), gives methods 
by which the existence of a developable surface be- 
tween two space curves may be checked. 

Chine and deck edge lines usually meet the constant 
curvature sign condition. When they do not, test con- 
struction lines may be drawn according to the method 
outlined to see if rulings can be determined. If none 
are found, one or both of the curves may be modified 
and rechecked. In general, it may be said that straight 
line stems and points of inflection in the chine and deck 
edge should be avoided. Points of inflection should also 
be avoided in the intersection of the bottom surface 
of the vessel with the longitudinal centerplane, defined 
as fairbody line (Kilgore, 1967). 

Fig. 7 shows the lines for a small single-chine de- 
velopable surface vessel. It will be seen that body plan 
stations, especially forward between the fairbody line 
and the chine, are slightly convex when seen from the 


exterior, which is characteristic of developable surface 
lines in general. 

The construction drawing, Fig. 8, shows how rulings 
on the side between deck edge and chine may be drawn. 
A ruling is not only a straight line element of the 
developable surface, but also lies in a plane tangent 
to it. The construction at the bow shows how rulings 
are found between the stem profile and the chine. Rul- 
ings in the bottom surface may be found in a manner 
analagous to that used between the chine and deck 
edge. Kilgore (1967) provides the basic theorems which 
govern the determination of rulings and the unique- 
ness of the resulting developable surface. A useful 
feature of rulings is that tangents to buttocks in the 
profile view at a single ruling are parallel to each other, 
and tangents to waterlines in the halfbreadth plan at 
a single ruling are parallel to each other. 

The process of drawing lines for a developable hull 
form is, therefore, one of finding rulings between chine 
and deck edge, between pairs of chines, and between 
chine and fairbody line. Once the rulings are found, it 
is a relatively simple task to find stations, waterlines 
and buttocks using normal projection techniques, in- 
asmuch as the rulings are defined in two views. 

Fig. 9 shows the body plan of a comparable straight- 
frame vessel and it may be seen that differences, com- 
pared with the developable surface vessel, are rela- 
tively small. Thus, the choice of designing a vessel 
with one system or the other may well depend upon 
comparing the difficulty of forming curved frames— 
together with the ease of plating the developable 
shell—with the ease of forming straight frames—to- 
gether with the difficulty of plating a warped shell. 

1.15 Methodical Lines. If the naval architect 
wishes to draw lines representing a particular type of 
ship, there are in the open literature several method- 
ical series of hull forms which permit offsets to be 
developed directly, without the necessity of going 
through the fairing process. By a methodical series is 
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Fig. 9 Straight frame body plan of vessel 
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meant a group of uniquely related forms whereby spe- 
cific offsets may be obtained from charts or tables for 
given arbitrary input characteristics, especially pris- 
matic coefficient, length-to-breadth ratio, volumetric 
coefficient, and position of the longitudinal center of 
buoyancy. Particular examples are the Series 60 single 
screw merchant ship forms (Todd, et al, 1957), Taylor’s 
Standard Series (Taylor, 1943), Townsend’s seakeeping 
series of single screw forms (Townsend, 1967), the 
MARAD low L/B series (1987), and the Webb trawler 
series (Ridgely-Nevitt, 1963). Furthermore, by follow- 
ing methods outlined in Section 3.3, the lines of any 
specific hull form may be transformed in a methodical 
way to suit arbitrary hull form characteristics. 

The constraints of end details—stern frame ending, 
size and location of rudder, stem profile, ete.—with 
which such methodically chosen lines are endowed 
often leads to “‘tailoring’’ of the resulting lines at the 
ends, which may require refairing substantial portions 
of the hull surface. 

1.16 Use of Computer in Lines Definition; Mathe- 
matical Lines. Among the most useful applications of 
digital computers in naval architecture, giving direct 
geometrical answers, are: 

(a) Determining lines and offsets to suit arbitrary 
hull form characteristics derived from a prescribed 
parent form. 

(b) Final fairing and determination of closely spaced 
frame offsets for shipyard use based upon widely 
spaced preliminary design offsets. 

The first of these applications provides the capability 
to carry out by computer and in a more general fashion 
what Adm. D. W. Taylor began prior to World War I, 
that is, to design ship lines mathematically. By the 
method of Taylor (1915) waterlines and sectional area 
curves took the form of a 5th order curve, separately 
for forebody and afterbody, 


y = te + ax? + ba? + cx + de’, 


where ¢, a, b, c and d are constants. 
By suitable transformation, this equation was re- 
written as, 


y = C, + PC, + tC, + aC,, 


where P is the waterplane area coefficient (for a water 
line), or prismatic coefficient (for a sectional area curve) 
of forebody or afterbody, ¢ is the tangent of the curve 
at bow or stern, and a is a function of the second 
derivative of the curve at amidships (x = 1.0). A simple 
table was provided giving values of the coefficients, C, 
which were fixed for each body plan station. The re- 
sulting curves had at most one point of inflection. This 
method was used to draw the lines for Taylor’s Stan- 
dard Series (of ship models used in resistance tests— 
see Chapter V). Taylor (1915) noted that, “practically 
all U.S. naval vessels designed during the last ten 
years have had mathematical lines.” 


During the intervening 65 years, the use of math- 
ematical ship lines appears to have declined until the 
advent of computers. A number of successful attempts 
have now been reported (Fuller, et al, 1977 and Sdding, 
et al, 1977, for example) where ship lines in keeping 
with hull forms favored today have been produced and 
plotted with the aid of the computer. Polynomials of 
higher order than used by Taylor have been used for 
waterlines and sectional area curves, with particular 
attention taken to avoid unwanted points of inflection. 
However, unless some adjustment is done to the end 
profiles, the resulting hull forms are endowed with 
waterline endings or stern profiles that may not satisfy 
the user. Kuiper (1970) presented a method whereby 
the design waterline is expressed as two eight-term 
polynomials, one for forebody and one for afterbody, 
which are easily determined using the basic hull form 
characteristics. However, to define the hull form above 
and below the design waterline requires the use of 
seventeen form parameters which must be defined at 
all drafts, for forebody and afterbody. 

Recently somewhat different computer techniques 
have been developed to assist in the early stage of 
lines development. For example, a Ship Hull Form Gen- 
erator Program (HULGEN) was developed in the Ship 
Design Division of NAVSEC. (Fuller, et al, 1977). The 
key to this program is the use of polynomials in various 
combinations to build up a line-for-line definition of the 
hull form that is remarkably fair. The strength of the 
program is the user-oriented interactive-graphics 
method of data input, display and modification. Results 
of variations of parameters can be viewed instantly, 
or the hull form can be stretched and distorted into 
shapes to maintain those parameters. 

The second application is that of final fairing of pre- 
liminary lines, which necessarily embodies judgment, 
in that the drafter’s eye and opinion ultimately deter- 
mine fairness. In this process, the drafter, or the mold 
loftsman, is faced with the problem of passing a curve 
through a set of points, usually equally spaced along 
a reference axis, and satisfying himself that the curve 
is smooth, with a minimum number of points of in- 
flection and with curvature varying in a gradual way. 
In order to achieve fairness, the curve may have to 
miss some of the points by small amounts. Also, for 
consistency, interesecting curves in other views which 
contain these points must be checked and adjusted. 

As previously noted (1.11), battens or splines are 
commonly used in drawing such curves, with batten 
weights (ducks) positioned to hold the batten at or near 
the given points. Therefore, computerized represen- 
tations of ship lines often make use of the equations 
for spline curves. The bending induced in the batten 
by the ducks is describable by the theory of bending 
of a simple weightless beam with concentrated loads 
or supports at a series of discrete points, correspond- 
ing to the points of duck restraint. It is shown in 
Strength of Materials texts that the deflection of such 
a beam is given by polynomials no higher than the 
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Fig. 10 Unfair and faired rudder section 
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third order, that is, by cubic functions of the x-dimen- 
sion parallel with the beam. Such cubics have conti- 
nuity in first and second derivatives (y’ = dy/dz, y” 
= d’y/dzx’) at the points of application of the concen- 
trated loads. 

An assumption made in developing the deflection 
equation for a simple beam is that the deflections are 
small, and the beam assumes only small angles to the 
x-axis. Under these conditions the differential equation 
of bending is 


M(w)/EI = y"/(l4+(y'y}?. 


This can be linearized by assuming that (y’)? = 0, 
inasmuch as y’ is small; thus, 


M(x)/EI = y” 


and y” becomes a linear function of x. A close ap- 
proximation to y”, at point m for example, is given by 
the second difference 7,, where 


%2 = Yret i 2Yn Yr ih’, 


and h is the spacing between any pair of equally spaced 
points. Inasmuch as 7, is quite sensitive to changes in 
curvature, it is apparent that by adopting 7, values 
from a smooth curve, and by adjusting offsets to match 
the faired 7, values, a curve through the adjusted off- 
sets will usually be quite fair. 

For illustrative purposes, Fig. 10 plots rough—and 
obviously unfair—points representing preliminary off- 
sets of a rudder section. Also shown is a plot of r, 
from the given offsets, and a smooth curve interpreting 
the plot but missing some of the points. 


The final faired rudder profile curve has been ob- 
tained from the smooth curve of 7,, beginning at the 
nose of the section and working aft, but with the ad- 
dition of two additional linear corrections, first to make 
the tail of the section sharp, and second, to make the 
average value of the faired offsets equal to the mean 
value of the given offsets. 

The spline curve representation of ship lines by the 
differential equation of the deflection of a simple beam 
may become unrealistic when the slope y' of the line 
being represented becomes so large that it cannot be 
assumed equal to zero. Thus, most ships’ waterlines 
can readily be represented by spline curve equations 
over most of the length of the ship. However, such is 
not the case for body plan stations, nor for many but- 
tocks, especially near the ends of the ship, where steep 
slopes are often met. In order to overcome this prob- 
lem, some early attempts to define ship lines with the 
aid of a computer required that the coordinate refer- 
ence axes be rotated. More recently, lines have been 
expressed as parametric spline curves, by which the 
curves are defined by a parameter s, rather than di- 
rectly by x,y coordinates. The parameter s is defined 
as the cumulative length of segments of the line from 
the start point up to the point in question (IIT Research 
Institute, 1980). 

A computer program in which this representation is 
used is HULDEF, developed by the U.S. Navy for 
design use but now extended and made available to a 
number of shipyards in the U.S. for final hull form 
definition in the construction phase. HULDEF is said 
to be economical of computer time, and has been made 
compatible with other computer-based hull production 
programs. By HULDEF lines along the hull are de- 
veloped from the given input waterlines and buttocks 
into 1so-girth lines, formed by taking fixed percentages 
of the girthed length around each body plan station 
from centerline to deck edge (or chine) all along the 
hull from the tip of the bow to the stern. The lines are 
mathematized as parametric spline curves. The 
HULDEF system has been provided with interactive 
graphics capability so that the operator can readily 
display curves, first differences, and second differ- 
ences, and can fair these on the scope to suit his own 
idea of fairness. This puts the fairing capability under 
the control and judgment of the operator just as it has 
been in the past under the control of the traditional 
drafter or mold loftsman. However, the previous time 
consuming operation of drawing the line—on a draft- 
ing table or on the mold loft floor—is no longer needed 
(Fuller, et al, 1977). Other similar systems are in use 
in some U.S. shipyards and abroad. 

Computer applications in hydrostatic calculations 
are discussed in Section 5.16. 
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Section 2 
Displacement and Weight Relationships 


2.1 Archimedes’ Principle. The fundamental phys- 
ical law controlling the static behavior of a body wholly 
or partially immersed in a fiuid is known as 
Archimedes’ Principle which, as normally expressed, 
states that a body immersed in a fluid is buoyed up by 
a force that equals the weight of the displaced fluid.” 
Thus, the weight is considered to be a downward force 
that is proportional] to the body’s mass; the equal buoy- 
ant force is proportional to the mass of the displaced 
fluid. 

Consider a body of fluid such as water, with a free 
surface, at rest. The fluid is of constant mass density, 
p (i.e., mass per unit volume). At any point P, a distance 
t below the free surface, the mass of fluid above the 
point is p At, where A is the cross sectional area 
parallel to the free surface of the column of fluid. In 
general, a fluid cannot support shear forces. Therefore, 
if the fluid be in a state of static equilibrium, it is 
necessary that equal forces be experienced in all di- 
rections at any such point. Since the gravitational force 
resulting from the mass of the fluid above is equal to 
its mass xg, the pressure force experienced by the 
fluid at that point is pg At—or the weight of the col- 
umn of fluid above P. 

If a rigid body is afloat in the water in static equil- 
ibrium, Fig. 11, a consequence of the above reasoning 
is that the same pressure forces are directed normal 
to the surface of the body. The integration of the 
vertical component of all such pressures experienced 
by the surface S of the body is the buoyant force, 


s 
> pot cosads, 


where a is the inclination of any part of S from the 
Ss 
horizontal. But } ¢ cos a 8 s represents the volume 


of the body beneath a plane coincident with the free 
surface. The weight of fluid would occupy this volume 
in the absence of the body is identically equal to pg 
multiplied by the volume. 

For the body to be in equilibrium, the integration of 
upward components of hydrostatic pressures over the 
surface of the body, or buoyancy, must be exactly 
balanced by the gravitational force of the body’s mass, 
directed downward, i.e., its weight. Therefore, the 
weight of a ship and its contents is equal to the weight 
of displaced water, or displacement. Likewise, the 
mass of a ship and its contents is equal to the mass 


? First stated about 250 BC by Archimedes, Greek mathematician 
and inventor (C.287-212BC). 


Fig. 11 


Buoyant forces on a floating body 


of displaced water. Hence, displacement can be ex- 
pressed in either weight or mass units. 

It is evident that a fully immersed rigid body, such 
as a submarine, also experiences an upward buoyant 
force equal and opposite to the weight of the water it 
displaces. A totally submerged body may weigh either 
more or less than the displaced water. For the body 
to be in equilibrium in its submerged position, it would 
have to receive, in the first case, an additional upward 
force, and in the second case, an additional downward 
force. When submerged and not resting on the bottom, 
a body may remain stationary, without rising or fall- 
ing, only in the unusual case when its mass exactly 
equals the mass of the water it displaces. 

2.2 Displacement and Center of Buoyancy. The vol- 
ume of the underwater portion of a vessel may be 
calculated by methods outlined in Sections 4 and 5. 
The result is known as the volume of displacement, V, 
up to the waterline at which the vessel is floating. 

If we know the mass density of the water, p, in 
which a ship is floating, we can calculate the weight 
of the displaced fluid, or the displacement weight, W, 


W = pgV. (1) 


By Archimedes’ principle this weight is equal to the 
weight of the ship and its contents. In inch-pound (or 
“English”) units, W is in long tons if V is in ft® and 
pg = 1/35.9 long tons/ft* (62.4 Ib/ft*) in fresh water 
(FW) or pg = 1/35.0 long tons per ft® (64.0 Ib/ft*) in 
salt water (SW); i.e., 

W = V/35.9 or V/35.0 long tons (2240 lb per ton) 
in FW or SW, respectively. 
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In SI (Systéme International), the above expres- 
sion for displacement weight (Eq. 1) applies if units of 
force are newtons (with p in kg/m*) or kilonewtons 
(with p in t/m*). In FW the value of pg is approxi- 
mately 9.81 kN/m? (p = 1.0 t/m®) and in SW pg is 
10.06 kN /m*(p = 1.026 t/m’). Such units are common 
in resistance and propulsion calculations (Chapter V). 

However, adherance to the SI system obliges one to 
think of ship displacement, A, in mass units, rather 
than weight (force) units, with the unit of mass being 
a multiple of grams, such as a kilogram (1000 grams), 
or a metric ton (1000 kilograms) t, sometimes written 
as “tonne.”’* Hence, in the SI system, mass displace- 
ment, 

A= pV, (2) 
where A is in metric tons, V is in m*, p = 1.00 t/m? 
(equal to kg/Z) in FW and p = 1.026 t/m* in SW. For 
the above relationship to be true in inch-pound units, 
A would have to be expressed in lb-sec?/ft or in the 
seldom-used slugs and p in Ib-sec’/ ft* or in slugs/ft?. 

Since the mass density of fresh water is 1.0 kg/L 
or 1.0 t/m’, density is numerically the same in SI units 
as specific gravity, y (at standard temperature). Hence, 
it may be more convenient when using SI units to use, 


A=yV. (3) 


Again this is true in inch-pound units only if A is in 
lb-sec’/ft or in slugs. 

Sometimes naval architects prefer (as in Chapter II) 
to make use of the reciprocal of density, or specific 
volume, 6 (volume per unit mass), in their calculations. 
For fresh water, of course, 5 = 1.00 m°/t; for salt 
water 6 = 1/1.026 = 0.975 m?/t. 

We shall in general consider ship displacement in 
units of metric tons of mass, where one metric ton is 
equal to the mass of one cubic meter of fresh water 
(at standard temperature), i.e., p = 1.0 m*/t. It should 
be noted that one m’ of fresh water in inch-pound units 
is 2204 lb or 0.9839 long ton (2240 Ib/ton). Hence, it 
can be seen that one SI ton is roughly equivalent to a 
long ton of weight (1.6 percent error) in the inch-pound 
system. The term weight will often be used loosely to 
ee either weight in tons (lb) or mass in metric tons 

g.). 

The centroid of the underwater portion of a vessel 
may be calculated by the principle of moments, using 
methods also outlined in Sections 4 and 5. The centroid 


8 Since this edition of Principles of Naval Architecture incor- 
porates the transition from inch-pounds to SI units, reference will 
in general be made to both systems. The distinction, however, should 
always be borne in mind between inch-pound weight units and SI 
mass units. 


is called the center of buoyancy. It represents a point 
through which the vertical buoyant vector is consid- 
ered to pass, i.e., point B in Fig. 11. 

2.3 Effect of Density of Medium. A decrease in the 
density of the fluid in which a vessel floats requires 
an increase in the volume of displacement V in order 
to satisfy static equilibrium requirements. Therefore, 
a ship moving from salt water to fresh water, for 
example, experiences an increase in draft, 67. This 
increase can be calculated by equating the increase in 
displacement volume to the volume of a layer of buoy- 
ancy of uniform thickness, 57, distributed over the 
original load waterplane. The increase in displacement 
volume, 


where subscript S refers to salt water, subscript F' to 
fresh water. But, on the assumption that the ship is 
“wall-sided,” the equal layer of buoyancy is, 


Vi-~ Vs =Ayp> éT 


Hence, 


App « 6T=V; es — 4) 


F 


and the increase in draft is, 


Vs (p Vs (¥s—)) 
oT = —* (2: a 1) = SATS 4 
Avwp \pr A we “) 


where V is displacement volume, p is mass density, 
Avwp is waterplane area, and x = 5 is specific 
F 


gravity. 

The centroid of the underwater body may shift, both 
vertically and longitudinally, with such a change in 
medium. In particular, an increase in draft as a result 
of a decrease in fluid density causes the vertical lo- 
cation of the center of buoyancy to rise with respect 
to the keel as a result of the increase in displacement 
volume, V. 

When a ship becomes partially supported by mud of 
mass density py, the volume of displacement must 
decrease to the point where the sum of products of 
volume of displacement in the medium multiplied by 
the density of the medium equals the weight of the 
vessel. Correspondingly, the center of buoyancy may 
be found, using methods in Sects. 4 and 5 by caleu- 
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lating the buoyant moment as the sum of products of 
buoyancy from each medium, multiplied by the dis- 
tance to the centroid of each volume. 

It is important to use the correct density of the water 
in making displacement calculations. There is about a 
2% percent difference between the density of fresh 
water, as in the Great Lakes, and the salt water of 
the oceans. The water in some rivers and harbors and 
off the mouth of estuaries is usually brackish, and its 
density may vary considerably with the tides. When 
draft readings are taken to determine displacement, 
samples of the water should be taken at the same time 
in order to determine its density. 

In principle, since the density of water changes 
slightly with temperature, a correction should be made 
to account for any differences from an agreed upon 
temperature standard. Furthermore, the temperature 


coefficient of expansion of steel may influence the vol- 
ume of displacement of a steel vessel slightly up to 
any waterline if the temperature of the steel differs 
significantly from the standard. 

2.4 Displacement vs. Weight Estimate. When pre- 
paring the design for a proposed ship, a careful esti- 
mate of its total weight and position of its center of 
gravity should be made, as discussed in Chapter II, 
Section 2. The total weight thus estimated may be 
compared later with the total displacement obtained 
from draft readings after the ship is afloat. If differ- 
ences occur, as is usually the case, the error is assumed 
to be in the weight estimate. A check of the accuracy 
of the weight estimate for the vessel in its partially 
completed condition is usually first obtainable imme- 
diately after launching. As previously noted, these 
“weights” may be given in mass units. 


Section 3 
Coefficients of Form 


3.1. General. In comparing ships’ hull forms, dis- 
placements and dimensions, a number of coefficients 
are used in naval architecture. These coefficients are 
useful in power estimates and in expressing the full- 
ness of a ship’s overall form and those of the body 
plan sections and waterlines. Table 2 lists coefficients 
and particulars for a number of typical vessels, which 
will be found helpful in understanding the significance 
of the coefficients defined below. 

Section 3 and Table 2 define and discuss the Block 
Coefficient, Midship Coefficient, Waterplane Coefficient 
Vertical Prismatic Coefficient, and Volumetric Coeffi- 
cient. Table 2 also gives the general geometrical char- 
acteristics of 19 types of ships, ranging from a large, 
high-speed passenger liner capable of 33 knots sus- 
tained sea speed to a naval dock ship 171 m (555 ft) 
in length. 

3.2 Definitions and Uses of Coefficients. (a) Block 
Coefficient, Cz. This is defined as the ratio of the 
volume of displacement V of the molded form up to 
any waterline to the volume of a rectangular prism 
with length, breadth and depth equal to the length, 
breadth and mean draft of the ship, at that waterline. 

Thus, 


Vv 
Cs L.B.T 
where L is length, B is breadth and T is mean molded 
draft to the prevailing waterline. Practice varies re- 
garding L and B. Some authorities take L as LBP, 
some as LWL, and some as an effective length, as 
discussed in Section 1.2. B may be taken as the molded 
breadth at the design waterline and at amidships, the 
maximum molded breadth at a selected waterline (not 


necessarily at amidships), or according to another stan- 
dard. Most merchant ships have vertical sides amid- 
ships, with upper waterlines parallel to the centerline, 
thereby removing possible ambiguity in B. 

Values of C, at design displacement may vary from 
about 0.36 for a fine high-speed vessel to about 0.92 
for a slow and full Great Lakes bulk carrier. 

(b) Midship Coefficient, Cy. The midship section 
coefficient, Cy, sometimes called simply midship coef- 
ficient, at any draft is the ratio of the immersed area 
of the midship station to that of a rectangle of breadth 
equal to molded breadth and depth equal to the molded 
draft amidships. 

Thus, 


Immersed area of midship section 
Cu = BT 


Values of Cy may range from about 0.75 to 0.995 
for normal ships, while for vessels of extreme form 
with a slack bilge and a hollow garboard area (im- 
mediately outboard of the keel) amidships, Cy, might 
be as low as 0.62. In some cases vessels have been 
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Fig. 12 Sectional area curves for different prismatic coefficients 
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built with bulges or blisters below the design water- 
line. Assuming B is taken at the prevailing waterline, 
then Cy, may be greater than unity on such vessels. 

(c) Prismatic Coefficient, Cp. The prismatic coef- 
ficient, sometimes called longitudinal prismatic coef- 
ficient, or simply longitudinal coefficient, gives the ratio 
between the volume of displacement V and a prism 
whose length equals the length of the ship and whose 
cross section equals the midship section area. 

Thus 


Vv 
~ LX immersed area of midship section 
_ V _ OCs 
PuBr Pele Cy 


Cp 


The term longitudinal coefficient was originated and 
used by Adm. D. W. Taylor (1948) for the reason that 
this coefficient is a measure of the longitudinal distri- 
bution of a ship’s buoyancy. If two ships with equal 
length and displacement have different prismatic coef- 
ficients, the one with the smaller value of C; will have 
the larger midship sectional area (B - T - Cy) and 
hence a larger concentration of the volume of displace- 
ment amidships. This is clearly shown by Fig. 12, which 
compares the sectional area curves for two different 
vessels. The ship with the smaller C> is also charac- 
terized by a protruding bulbous bow, which causes the 
swelling in the sectional area curve right at the bow, 
and its extension forward of Station O. 

Prismatic coefficient is a frequently used parameter 
in studies of speed and power (Chapter V). Usual range 
of values is from about 0.50 to about 0.90. A vessel 
with a low value of C, (or C;,) is said to have a fine 
hull form, while one with a high value of C; has a full 
hull form. 

(d) Waterplane Coefficient, Cyp. The waterplane 
coefficient is defined as the ratio between the area of 
the waterplane Ay, and the area of a circumscribing 
rectangle. Thus, 


Awe 
L-B 


Cwp = 


As with the other coefficients, the length and breadth 
are not always taken in a standard way. The coefficient 
may be evaluated at any draft. The values of Cy, at 
the DWL range from about 0.65 to 0.95, depending 
upon type of ship, speed, and other factors. 

(e) Vertical Prismatic Coefficient, Cyp. This coef- 
ficient is the ratio of the volume of a vessel’s displace- 
ment to the volume of a cylindrical solid with a depth 
equal to the vessel’s molded mean draft and with a 
uniform horizontal cross section equal to the area of 
the vessel’s waterplane at that draft. This ratio is anal- 
ogous to the prismatic or longitudinal coefficient, ex- 
cept that the draft and area of waterplane have been 


substituted for the vessel’s length and area of midship 
section. The vertical prismatic coefficient of fineness 
is designated as Cp and written as follows: 


Vv C3 


Oe GE BAT Cp 

&f) Volumetric Coefficient, Cy. This coefficient (or 
fatness ratio) is defined as the volume of displacement 
divided by the cube of one tenth of the vessel’s length, 
or 


Cy = V/(L/10)* 


In essence, it is the dimensionless equivalent of dis- 
3 


placement-length ratio, A / (aa) frequently used in 


the past, where A is ship displacement in long tons in 
salt water, and Z is ship length in feet. These coeffi- 
cients express the displacement of a vessel in terms 
of its length. Ships with low volumetric coefficients 
might be said to be “thin”, while those with a high 
coefficient are “fat.” Values of the volumetric coeffi- 
cient range from about 1.0 for light, long ships like 
destroyers, to 15 for short heavy ships like trawlers. 

(g) Ratios of Dimensions. The three principal di- 
mensions of the underwater body are sometimes re- 
ferred to in ratio form. These are noted below, with 
approximate ranges for each: 


Ratio of length to breadth = Z/B Approx. range 


3.5 to 10. 
Ratio of length to draft =Z/T Approx. range 
10 to 30. 
Ratio of breadth to draft =B/T Approx. range 
1.8 to 5. 


In view of the confusion which can arise when dif- 
ferent definitions of dimensions—especially length— 
are used by different designers in forming the above 
coefficients and ratios, it is suggested that length be- 
tween perpendiculars—on single-screw ships—and 
molded breadth at the design waterline and at amid- 
ships be used in forming these ratios. The length on 
the DWL is preferred for twin-screw ships (see Section 
1.2). The definitions adopted should always be speci- 
fied. 

3.3 Geometrical Modification to Lines. It fre- 
quently happens during the design of a ship that un- 
expected requirements which were not foreseen 
necessitate a change in dimensions without changing 
the coefficients of form. Examples are an increase in 
breadth to provide greater stability, a decrease in de- 
sign draft to allow entering a port with restricted 
water depth, or an increase in length to reduce wave- 
making resistance. If this should happen after prelim- 
inary lines are faired, it seemingly requires that a 


Length overall, m : 

Length between perpendiculars, L,,, m 

Length for coefficients, Z, m 

Molded depth to strength dk., m 

Molded breadth, B, m 

Molded draft for coeffs., 7, m 

Molded displacement, A, S.W., t 

Block coefficient, Cs 

Midship coefficient, C 

Prismatic coefficient, Cp 

Waterplane coefficient, Cy 

Vertical prismatic coeff., Cpy 

Longitudinal center of buoyancy from 
midship, % L ; 

Bulb area, % midship area 

volumen coefficient, (V/L°) x 10° 

Li 


BIT 

Shaft horsepower, normal 

Sea speed, knots 

Froude number 

Number of propellers, rudders 


Length overall, m ; 

Length between perpendiculars, Lp, m 

Leng for coefficients, L, m 

Molded depth to strength dk., m 

Molded breadth, B, m 

Molded draft for coeffs., 7, m 

Molded displacement, A, S.W., t 

Block coefficient, C, 

Midship coefficient, C', 

Prismatic coefficient, Cp 

Waterplane coefficient, Cy 

Vertical prismatic coeff., Cp, 

Longitudinal center of buoyancy from 
midship, % L 

Bulb area, % midship area 

Volumetric coefficient, V/L*) x 10° 

L/B 

BIT 

Shaft horsepower, normal 

Sea speed, knots 

Froude number 

Number of propellers, rudders 


1) Vessel 10 has a cylindrical bow. 2) Vesse 


Table 2—-Geometrical Characteristics of Typical Ships 
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323.09 
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26.21 
54.25 
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Cargo- 
Pass 
Ship 


166.60 


Tanker 


201.47 
192.02 
192.02 
13.79 
27.43 
10.40 


14 has vertical axis pro 


3 4 5 
Con- Con- Gen. 
tainer tainer Cargo 
Ship Ship Ship 
262.13 185.93 171.80 
246.89 177.09 171.80 
246.89 176.78 158.50 
20.12 16.61 13.56 
32.23 23.77 23.16 
10.67 8.23 8.23 
50,370 22,380 18,970 
0.579 0.630 0.612 
0.965 0.975 0.981 
0.600 0.646 0.624 
0.748 0.740 0.724 
0.774 0.851 0.845 
~11 —1.2 —1.5 
8.3 4.0 4.0 
3.26 3.95 4.65 
7.94 7.44 6.84 
2.91 2.89 2.81 
43,200 19,250 17,500 
5 20 20 
0.261 0.427 0.261 
11 11 1,1 
12 13 14 
LNG Off- Double- 
Tanker Shore ended 
upply Ferry 
Vessel 
285.29 56.46 94.49 
273.41 53.19 91.59 
273.41 53.19 91.59 
24.99 4.27 6.30 
43.74 12.19 19.81 
10.97 3.35 3.81 
97,200 1472. 2760. 
0.722 0.660 0.392 
0.995 0.906 0.732 
0.726 0.729 0.534 
0.797 0.892 0.702 
0.906 0.740 0.558 
Amids. —0.3 Amids. 
9.7 0 0 
4.64 9.53 3.51 
6.25 4.35 4.62 
3.99 3.33 5.20 
34,400 8,740 7,000 
20.4 12 16.1 
0.203 0.270 0.276 
11 2 0 
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25.65 
23.04 
23.75 
3.33 
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Barge 
Cares 


272.29 
243.03 
247.90 
18.29 
30.48 
8.53 
38,400 
0.582 
0.922 
0.631 
0.765 
0.762 
—1.6 


5.6 
2.46 
8.13 
3.57 
32,060 
22 


0.229 
1,1 
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Fishing Arctic 
Trawler Ice- 
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Roll on/ 
Roll off 
Ship 


208.48 
195.07 
195.07 
21.18 
31.09 
9.75 
34,430 
0.568 
0.972 
0.584 
0.671 
0.846 
—2.4 


9.7 
5.18 
6.27 
3.19 
37,000 
23 
0.270 
1,1 
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breaker Ship 


121.62 
106.98 
107.29 
13.18 
23.77 
8.53 
10,900 
0.488 
0.853 
0.572 
0.740 
0.660 
+13 


236.37 
234.70 
234.70 
17.07 
32.72 
11.58 
52,140 
0.569 
0.987 
0.577 
0.734 
0.779 
—0.9 


10.0 
3.9 

7.17 
2.82 
100,000 
26 
0.279 
2,2 
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Bulk 
Carrier 


272.03 
260.60 
260.60 
19.05 
32.23 
13.96 
100,500 
0.836 
0.996 
0.839 
0.898 
0.931 
+2.5 


18 
Naval 
Frigate 


135.64 
124.36 
124.36 
9.14 
13.74 
4.37 
3390 
0.449 
0.741 
0.605 
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completely new set of lines be drawn and faired. How- 
ever, by making systematic changes in the offsets, it 
may be possible to accomplish the desired transfor- 
mation without disturbing the fairness of the lines, 
and without necessitating complete recalculation of the 
curves of form. 

For example, a simple respacing of body plan sta- 
tions leads to an elongation or shortening of the lines 
at constant breadth and draft, with displacement 
changing in direct proportion to the station spacing; 
the form coefficients Cz, Cp, Cy, Cyp and Cyp will not 
change, and the fairness of lines will be preserved. Of 
the curves of form, changes will be experienced only 
in those quantities which depend upon length and dis- 
placement, including C,,. Correspondingly, an increase 
in waterline spacing leads to a proportionate change 
in displacement with no change in Cz, Cp, Cy, Cwp and 
Cyp. Those curves of form which are dependent upon 
displacement and draft are the only ones which will 
change. Similar conclusions are reached insofar as 
changes in buttock spacing—that is, changes in half- 
breadth—are concerned. 

The combined effect of two or more of such changes 
is multiplicative. For example, if the length of the 
vessel were to increase 10 percent by an increase in 
station spacing, the breadth were to increase 5 percent 
by an increase in halfbreadths, and the draft were to 
decrease 8 percent by a reduction in waterline spacing, 
the resulting volume of displacement V, would be ob- 
tained from V,, the initial volume of displacement, by, 


V, = 1.1 - 1.05 - 0.92 . V, = 1.0626 V, 


A new body plan, waterlines plan and profile could 
be drawn directly, in which new longitudinal distances 
2, are obtained from old longitudinal distances x, by 
2 = 1.1 2,; new halfbreadths y, are obtained from old 
halfbreadths y, by y. = 1.05 y,; ete. 

Changes in the more important curves of form, de- 
fined in Section 5, would give, 


KB, = 0.92 KB, 
TP cm, = 1.1 - 1.05 . TP cm, 
LCF, = 1.1 LCF, 
LCB, = 1.1 LCB, 
KM, = KB, + BM, 
_ = 1.1. (1.05)? \ 
Sr mie ees (q - 1.05 - 753) em 
as, ose (1.1%. 1.05 \ 
KM,, = 0.92 KB, + inate) BM,, 


Wetted surface, which depends upon girthed dis- 
tances, does not vary in a simple manner and would 
have to be recomputed for the transformed design. 


Methods have been developed (Rawson & Tupper, 
1983) to estimate modifications to the geometrical 
quantities on the basis of partial derivatives. Inasmuch 
as these methods assume infinitesimal changes in the 
independent variables, L, B, etc., they may lead to 
inaccuracies in practical use. On the other hand, direct 
calculations to find the transformed quantities are by 
their nature both exact and correct, and therefore they 
are recommended. 

A traditional and practical way of shifting the LCB 
of a new design without changing displacement is 
known as the method of swinging stations. Fig. 18 
shows the sectional area curve of a ship and the cen- 
troid of the area under the curve, the latter having 
been found from both axes (x and y). If the centroid 
now be moved forward (or aft) a distance 52, and a 
straight line be drawn through the shifted position and 
original base, it will establish an angle y by which all 
points on the curve may be similarly shifted so that 
the desired shift of LCB occurs. Any original body 
plan station such as station 3 must then be shifted by 
distance 5x. This allows one to find the shift of any 
offset (height or halfbreadth) forward or aft directly 
from the transformed sectional area curve. Hence, the 
waterlines and profile views on the lines plan may be 
redrawn without refairing being required. From the 
redrawn waterlines and profile a new body plan, with 
equally spaced stations, may then be constructed. 

A somewhat similar transformation can be done to 
the separate ends of a sectional area curve with some 
parallel middle body if one wishes to change the full- 
ness of the design. Let us suppose the forebody of a 
given sectional area curve has a prismatic coefficient 
of Cpr, but it is desired to increase this by respacing 
stations to gain more displacement. The new forebody 
prismatic is to be Cpp.. Thus 5C pp = Cope — Copy. 
Then it can be shown (Lackenby, 1950) that if x, is 
the dimensionless distance from the left-hand axis of 
the curve, where x, lies between 0 and 1.0, the shift 
forward 5x to give the required new prismatic coeffi- 
cient of the forebody is obtained from, 


Fig. 13 Swinging stations method of modifying sectional area curve 
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82/(1 — 2) — bCpr/(1 i Cary); 
or 


Sa = 6Cp-[(1 — ,)/(1 — Cor). (5) 
This procedure, which is known as the one-minus- 
prismatic rule, is illustrated in Fig. 14 (Lackenby, 
1950). Having modified the sectional area curve in the 
indicated way, body plan stations must now be shifted 
the indicated amount. Thus, the waterlines and profile 
views in the entrance may be redrawn, with a new 
body plan for the forebody to suit equally spaced sta- 
tions. It should be noted, however, that having first 
transformed the forebody a similar transformation of 
the afterbody in general leads to a combined longi- 
tudinal center of buoyancy of the entire ship which 
will differ from that of the basic ship before the 
transformation. 
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Fig. 14 One-Minus-Prismatic method of modifying sectional area curve 


Sodding, et al (1977) show an extensive transforma- 
tion of an existing containership design to a design of 
widely different particulars following generally the 
methods of Lackenby (1950). 


Section 4 
Integrating Rules and Methods 


4.1. General. For a variety of reasons, it is nec- 
essary to be able to calculate areas, centroids, vol- 
umes—and other geometrical characteristics—of a 
ship’s form when floating at any prescribed waterline. 
Areas of the immersed cross sectional area at each 
body plan station and of each waterplane are of par- 
ticular interest, not only for their own sake but be- 
cause—as will be shown later—volumes can be 
calculated from areas. Because of the symmetry of 
the two sides of most vessels, most of these calcula- 
tions need be performed for only one side of the ship 
and then multiplied by 2. 

Each of the half transverse sections, or half water- 
planes, form a closed curve, such as OABD—GAH in 
Fig. 15. The area enclosed may be found by integral 
calculus, provided AB—G is a curve whose mathe- 
matical equation is known. Inasmuch as most ship 
curves are not mathematical curves, it is customary 
to approximate the area by numerical integration. 

An important property of such a closed curve is its 
centroid, which is located at a distance from the axis 
OY equal to x, where x is the quotient of the first 
moment of the area about axis OY divided by the area 
itself. If the curve OABD—GH were to represent a 
thin lamina of uniform density and of constant thick- 
ness, then the centroid would represent the location 
of its center of mass (generally known as center of 
gravity). 

4.2 Formulas For Area, Moment, Centroid, Moment 
of Intertia, and Gyradius. In Fig. 15 the area enclosed 
by the x and y-axes and the curve ABDG may be 
considered as comprised of many small rectangles such 
as NBPQ, of dimensions y and 5x, where 8z is very 


small. Using methods of the calculus, we may derive 
expressions for the area of the curvilinear figure and 
for various properties of the area. 

(a) Areas. Let 8A be the area of the elementary 
rectangle NBPQ. Then 5A = y6z, and the entire area 
under the curve, A, is given by the summation of all 
such elementary areas, or, 


A = Z6A = Ly6z. 


Putting this in the form of a definite integral between 
the limits 0 and H, 


A= { on (6) 


(b) Moments and Centroids. Let 5M, be the first 
moment of the area of the elementary rectangle NBPQ 
about axis OY. Then 6M, = (8A)x = xy6&z. Hence, 
the moment of the entire area under the curve about 
axis OY may be written as M, = xy6x, which may 
be expressed as the definite integral, 


H 
M,= xydx. (7) 
0 


The distance x of the centroid of the area from axis 
OY is given by the quotient of moment about OY 
divided by area or, 


(8) 
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Let 5M, be the first moment of the elementary area 
NBP@Q about the baseline OX. Then 


The moment of the entire area about the baseline 
becomes, 


M,= 5 Eybn, or in the form of an integral, 


1 HH 
M,= 5 y’ dx. (9) 


o 


The distance y of the centroid of the area from the 
baseline OX is the quotient of moment about the base- 
line divided by area, or, 


1 2 
_ 2h y' dz 
Beer (10) 
[ve 
c Moments of Inertia and Gyradit. Let &/, be the 


second moment, or moment of inertia, of the area of 
the elementary rectangle NBPQ about axis OY. Then 
81, = (5A) x? = x*?ydx. Hence the moment of inertia 
of the entire area under the curve about OY, I,, is, 


H 
I, = Sx’yda or 1, = x? ydx. 


°o 


(11) 


The gyradius 7, of the area about axis OY is given 
by the square root of the quotient of moment of inertia 
divided by area, or, 


(12) 


If J,, be the longitudinal moment of inertia of the 
area under the curve about a transverse axis through 
the centroid (axis parallel to the Y-axis), we have by 
ve pete axis principle of mechanics, J,, = I, — 

x. 

The area under the curve AG may also be considered 
as comprised of many small squares such as dx6y, Fig. 
15. Then let 87, be the second moment, or moment of 
inertia, of the area of the elementary square about the 
baseline OX. But 67, = 5x5y-y?. Thus the moment of 
inertia of the entire area under the curve about the 
baseline 7, may be written as J, = S'Sd5x5y-y’, or, 


Curve to be integrated 


H py 
n=ff[ y* dy de. 
0 0 


Since 


y 1 1 A 
[ y*dy = =y*, then J, = al y*dx. (18) 
‘0 3 3 0 


The gyradius 7, of the area about the baseline OX 
is given by, 
1 A 
i 3 
al yee 
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In order to evaluate these integrals, naval architects 
again overcome the limitation that most ship lines are 
not represented by mathematical formulas by utilizing 
approximate rules of integration. A rule of integration 
assumes that the curve to be integrated is closely ap- 
proximated by a mathematical curve that has the same 
offsets (or ordinates) as the actual ship curve at a series 
of stations. The desired integrals are then approxi- 
mated by taking the sum of products of offsets and 
particular multipliers developed for each rule and mul- 
tiplying the sum by an integrating factor, as described 
in the following subsections. 

4.3 Trapezoidal Rule. In Fig. 15 each portion of 
the curve AB—G between pairs of ordinates as AB, 
BC, etc. is considered to be approximated by a straight 
line through each pair of points. If the spacing between 
each pair of ordinates is s, then the area of trapezoid 
OABN = s-¥, (yo + y,), the area of trapezoid NBCM 
= s-4{y, + y,) and the area of trapezoid JFGH = 
s-% (yn_1 + y,)- If the areas of all m trapezoids are 
added, their combined area, and the approximate area 
A under the curve is, 


r= (14) 


A=s(hyot yt Yot--- + Yay + Kn) (15) 
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This is known as the trapezoidal rule for area. 

Rules for moments of the area based upon the trap- 
ezoidal rule may be derived. Thus, the moment ©, of 
the combined area of all the trapezoids about axis OY 
is, 


1 
M, = s? gYot Hi + Ay. + 


zw} a6) 


Correspondingly, the moment of inertia J, of the 
combined area of all the trapezoids about the OY axis 
is, 


3n 
+ (n ae YY ay + ( 
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1 7 
I, = 8° Fez + En 
6n? — 12n + 7 6n? — 4n + 1 
+ (- - 6 J 1) + ( 12 v.|. 
(17) 


The trapezoidal rule may be adapted to give trans- 
verse moment ©, and transverse moment of inertia J, 
but the expressions are complicated by the presence 
of products of the ordinates yoy,, yiY2, etc. for M, and 
YoYrs Yor Yr Yo, Yriy2’, etc. for J,. To overcome this 
complexity the squares and cubes of the ordinates as 
given by the integrals in Sect. 4.2 are sometimes 
weighted by the trapezoidal area rule multipliers to 
give rough approximations of moment and moment of 
inertia about the x-axis. 

Owing to the straight line approximation inherent 
in the trapezoidal rule, a closer spacing of ordinates 
is needed to approach the same level of accuracy for 
area obtainable with other rules described later, and 
its application is limited in naval architectural calcu- 
lations to finding areas. In the case of a convex curve 
with no point of inflection, the area found by the trap- 
ezoidal rule is always less than the true area. 

4.4 Simpson's First Rule. This rule, and that to fol- 
low in 4.5, are part of a group of rules known as 
Newton-Cotes Rules. Simpson’s First Rule rigorously 
integrates the area under a curve of the type y = a 
+ bx + cx, which is a second order parabola, or 
polynomial of degree 2, by applying multipliers to 
groups of three equally spaced ordinates. That is, if 
the portion of the curve in Fig. 15 extending from A 
to C is parabolic, and the ordinates y,y,, and y, are 
equally spaced, then the area found by Simpson’s First 
Rule is precisely correct. Inasmuch as many ship 
curves are not dissimilar to the parabola, the area so 
found is a close approximation to that of the ship, and 
the rule is widely used in naval architecture. 

The rule may be derived by assuming the area is 
given by the expression, A = ky y) + kyy; + ke yo. 
Given the mathematical form of the curve, 


: =a + bx + cz’) and ordinates at spacing s, then 

=4,y,=a+ bs + cs? and y, = a + 2bs + 4cs”. 
Putting the three y values into the expression for A, 
an equation for the coefficients a, b and c results. But 
A is also equal to the definite integral, 


28 28 
A=[ yde=[ (a+ be + ex? de 
0 0 


= 2as + 2bs* + 58% 


Equating the two expressions for A, we may set the 
coefficients of a, b, and c equal to each other. There 
are three resulting equations in the three unknowns, 
k, k, and k,, which may be solved simultaneously. 
This gives, 


s§ 
3” 


The curve to be integrated must be divided into an 
even number of spaces by equally spaced ordinates. 
The multipliers for even numbered ordinates are then 
found on the assumption that each such ordinate rep- 
resents the termination of one parabolic curve and the 
initiation of another. Knuckles in the curve are allowed 
at these ordinates. Hence the multiplier for such even 
numbered ordinates (except for the first and last) is 2, 
giving the following form of the rule, 


s 
A= gly + 441 + 2y2 + 4ys..-- 


+ 4yn,1 + yn] (18) 


where x is even. In order to simplify the multipliers 
when using the First Rule, it is not uncommon to divide 
them by 2, in which case they are known as half mul- 
tipliers. The final integration is then found by multi- 
plying the summed products of ordinates and 
multipliers by an additional factor of 2, so that the 
integrating factor becomes 2s/3. 

Simpson’s First Rule may be adapted to the calcu- 
lation of longitudinal moment M, and longitudinal mo- 
ment of inertia J, in a similar way to that used for 
finding a formula for area, with the assumption that 
the ordinates of a 2nd order parabolic curve are xy, 
and x*y, respectively. 

In practice, it is customary to perform calculations 
for area, longitudinal moment, and longitudinal mo- 
ment of inertia using Simpson’s First Rule by means 
of tables such as Table 6, described in sections 5.3, 5.4, 
and 5.5. Separate columns are provided in the table 
for the ordinates, for Simpson’s Multipliers, for levers 
(for longitudinal moment), for the squares of levers 
(for longitudinal moment of inertia), and for the prod- 
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ucts of the ordinates times the levers times Simpson’s 
Multipliers, etc. For simplicity, the levers are usually 
non-dimensionalized by dividing by the station spacing, 
s. When this is done, the tabular calculations for M, 
and J, (axis of moments at origin, often located amid- 
ships) may also be expressed by the following for- 
mulas, which may be found more appropriate for 
computer programming, taking the axis at x = 0, 


2 
M, = [Ay + dy, + 12yp +... + 


An — 2)Yin—» + 4m ~ Y¥m—y + 2Yn] 


where n is even. (19) 
3 
1, = 3 [4y, + 8y2 + B6ys +... + 
an — 2) Yin —2) + A(n — LY ian + n*y,] 
where 7 is even. (20) 


It will be noted that there are no y, terms above be- 
cause the axis for moments is at x = 0 where y = y, 
and the lever arm is zero. 

If similar derivations are applied to the determina- 
tion of formulas for transverse moment of area M, 
and transverse moment of inertia of area /, it will be 
found that expressions of the form, 


M,=ko yo + kyyy? + key.’ and 
L=koyo + ky: + key’, 


cannot be solved, owing to an excess of equations. This 
results from the presence of cross products of the 
ordinates, as noted in Sect. 4.3. Nevertheless, Simp- 
son’s First Rule is routinely applied to the calculation 
of transverse moment of area, and transverse moment 
of inertia of area, by weighting the squares and cubes 
of ordinates by Simpson’s area multipliers, and in ac- 
cordance with the integrals in Section 4.2. This is equiv- 
alent to assuming that the ordinates of the 2nd order 
parabola are y’, and y’*, respectively. 

Therefore, in the event the squares of the ordinates 
of the curve to be integrated, or the cubes of the 
ordinates, respectively, followed a 2nd order parabolic 
curve, the integration for transverse moment, and for 
transverse moment of inertia, by Simpson’s First Rule, 
would be precisely correct. 

Table 6 includes columns for the cubes of ordinates 
and for the products of these times Simpson’s Multi- 
pliers, in order to calculate transverse moment of in- 
ertia (about the ship’s centerline) by Simpson’s First 
Rule. 

It may be shown that Simpson’s First Rule also 
precisely integrates the area under a third order par- 
abolic curve of the form, 
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y= at be + cx? + dx*, 


which passes through the three given ordinates. 
Hence, Simpson’s First Rule is accurate enough for 
most ship problems. 

4.5 Simpson's Second Rule. This rule correctly in- 
tegrates the area under a third order parabolic curve, 
or polynomial of degree 3, when four equally spaced 
ordinates are provided. The derivation of appropriate 
Simpson’s multipliers is achieved using similar steps 
to those outlined in Sect. 4.4. It may be shown that if 
we assume A = ky yy + kh, y; + ko Yo + Kg Ys, then, 
k, = k, = 38/8, and k,= k, = 9s/8 where s is the 
station spacing. Thus, in general, the area A under an 
arbitrary curve by Simpson’s Second Rule is 


3s 
A= =x [yo + 3y, + 3y, + 2y, + 8y, + 8y5 
States +o... + 24 n-3) + 842-2 


+ BY a1) + Ynl, (1 = 8, 6,9... ete.) (21) 

As with Simpson’s First Rule, a separate parabolic 
curve is assumed between the extremities of each 
group of intervals—three intervals in the case of the 
Second Rule—and knuckles in the curve to be inte- 
grated are permitted at these points. 

Simpson’s Second Rule may be applied to the cal- 
culation of longitudinal moment of area M, and lon- 
gitudinal moment of inertia of area J, by combining 
3s7/8 and 3s°/8, respectively, with the Simpson’s mul- 
tipliers for area, together with non-dimensionalized 
levers and levers squared, respectively, as done when 
using the First Rule. The resulting M,and J, are not 
rigorously correct for a parabolic curve of the third 
order, but are routinely used. The resulting errors are 
quite small, in general. 

The accuracy of transverse moment of area M, and 
transverse moment of inertia of area J, when calcu- 
lated by Simpson’s Second Rule is subject to the same 
limitations as apply to the First Rule. However, the 
rule is routinely used for these purposes. 

4.6 Single Interval Rules. These rules allow one to 
find area under the curve, A, longitudinal moment of 
area M,, and longitudinal moment of inertia of area 
I, about axis OY for a single interval between the first 
two ordinates of a second order parabola of the form 
y = a+ bx + cx? when the curve is defined by three 
equally-spaced ordinates with spacing s. 

Consider Fig. 15. The five, eight, minus one rule 
states that the area A between ordinates y, and y, is, 


Ss 
A= iB (5yo + 8y: — Yo). (22) 


The three, ten, minus one rule states that the lon- 
gitudinal moment M, of the area between y, and y, 
about axis OY is, 
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Table 3—Newton-Cotes Rules 
Ordinates equally spaced, with end ordinates at ends of curve 


Number of Multipliers for ordinate numbers 
Ordinates 1 2 4 5 6 7 8 9 
2 1/2 1/2 
3 1/6 4/6 1/6 
4 1/8 3/8 3/8 1/8 
5 7/90 32/90 12/90 32/90 7/90 
6 19/288=  75/288= 50/288= 50/288= 75/288= 19/288 = 
0.0660 0.2604 0.1736 0.1736 0.2604 0.0660 
1 0.0488 0.2571 0.0321 0.38288 0.0321 0.2571 0.0488 
8 0.0435 0.2070 0.0766 0.1730 0.1730 0.0766 0.2070 0.0485 
9 0.0349 0.2077 —0.03827 0.3702 —0.1601 0.3702 —0.0327 0.2077 0.0849 


Area = = (Multipliers x Ordinates) x distance between end ordinates, R 


Ge 
M, = om (8y¥o + 10y, — yp). (23) 


A similar rule may be derived for longitudinal mo- 
ment of inertia J, of the area between y, and y, about 
axis OY. It might be called the seven, thirty six, minus 
three rule and is, 


33 
l= 720 (Tyo + 36y, — 3y2). (24) 


These rules are exact for the 2nd order parabolic curve 
assumed. 

4.7 Higher Order Curves. In the event a curve is 
believed to be more closely approximated by a higher 
order parabola, or polynomial of higher degree, the 
Newton-Cotes multipliers may be used, but a greater 
number of equally spaced ordinates is needed in way 
of that portion of the curve over which the defining 
parabola is assumed to hold. 

Thus, five equally spaced ordinates are needed to 
define a curve in the form y = a + br + cx? + dz 
+ ex‘. It may be shown that the area A under such 
a curve is given by, 


A= é [14y, + 64y, + 24y, + 6dy, + 14y,]. (25) 


By combining end ordinates for two or more groups 
of four equal intervals, a rule analagous to Simpson’s 
First or Second Rule may be devised. 

Based upon Miller (1963), multipliers for higher or- 
der curves would be as shown in Table 3. In each case, 
the area under the curve would be the product of the 
distance between end ordinates F and the sum of prod- 
ucts of multipliers and ordinates. It may be noted that 
the sum of the ordinates in Table 3 equals 1.0 for each 
polynomial. 

4.8 Half-Spaced Ordinates. Near the ends of a 
ship it is customary to introduce additional body plan 


stations midway between pairs of the normal 10 or 20 
stations in the length between perpendiculars. This is 
done to better define the hull form in these regions, 
as it is usually changing more rapidly with longitudinal 
distance than near midship. In order to improve the 
accuracy of integration, one may take advantage of 
offsets at such half-spaced stations—i.e., stations %, 
1%, 18% and 19% in a 20-station length. The foregoing 
rules.of integration may be easily modified to this end. 
The modification implies that the distance over which 
the curve to be integrated may be assumed to match 
the hypothetical curve is cut in half. 

In the above case, assuming Simpson’s First Rule, 
each separate parabolic curve would be assumed to 
extend from station 0 to 1, 1 to 2, 18 to 19 and 19 to 
20, while in the middle portion of the ship separate 
parabolas would be considered to extend from station 
2to 4,4to6...16 to 18. In order to accommodate 
this combination of spacings, the Simpson’s multipliers 
are reduced to one half their normal values in way of 
the half stations. 

Fig. 16 shows the arrangement of half stations at 
the end of a 10-station ship, along with the Simpson’s 
half multipliers appropriate to the First Rule. 

An important consideration in any ship calculation 
is whether the area (or quantity being integrated) is 
complete, or applies to one side of the ship only. If the 
latter, a factor of 2 must be introduced into the cal- 
culation to obtain the total for the ship. 

4.9 Tchebycheff’s Rules. The Tchebycheff Rules 
use varying numbers of ordinates located at irregular 
intervals along the base line, spaced in such a way 
that the sum of the ordinates is directly proportional 
to the area under the curve. The curve to be integrated 
is assumed parabolic, ie., y = a + bu + cx?. 2. + 
kx”. The number of ordinates needed is the same as 
the order of parabola assumed. The length of curve is 
taken as 2s, as in Fig. 17. The validity of the rule is 
based upon the location of the ordinates, which are 
symmetrically disposed about the middle, such as y, 
and y, at locations x and —x. 

Consider a second order parabola, with origin at 0, 
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as shown in Fig. 17. Assume the area under the curve 
from D to £ is given by, 


A= ply + ¥2); 


¥, = a—- but+ecxr®,  yo=at br + cr’? 
OY + Y2 = 2a + 2cx? 


Hence, A = 2pa + 2pcx?. 


2 348 
But A = fi ydx = a+ bo +o% 
—8 <3 —s 
= 2as + 2c (5): 
Equating coefficients of a and c, 
2p = 28° p=8; 
3° gf 3 
z2— — & 2 SS es SS ee 
2px (5) eos 3 and 
s 
x = — = 0.57735s 
V3 
Then the area, 
A = sy; + Yo); (26) 
where y, and y, are at locations + 0.57735s from the 


origin. 

Table 4 shows the locations of ordinates for numbers 
of ordinates up to 10. It will be noted that in the case 
of an odd number the middle ordinate is at the middle 
of the curve, or origin of Fig. 17. In each case, the 
area under the curve is found as the average length 


of ordinate (yi + yo... + Yy,) multiplied by the 


length of the base line 2s. 

4.10 Integration For Arbitrarily Spaced Ordi- 
nates. It frequently happens that when integrating 
a ship’s waterplane, the extremities of the curve, either 
at bow or stern, do not fall at integral stations—in 


10 SY: 1, 6 5 4 3 2121 %0 
De ore © STATIONS : 
wltr1in 1 2 1 2 w*1wR1LN 

SIMPSON'S '/2 MULTIPLIERS 

Fig. 16 Half-spaced ordinates 

Y 
Y2 
Y; 
18} 


Fig. 18 Curve ending beyond perpendicular 


particular the FP or AP—but instead the curve orig- 
inates either forward of or abaft the perpendicular. 


Table 4—Spacing of Tchebycheff's Ordinates 


Number of ordinates 


Positions of ordinates from middle of base, in 


used fractions of half-length (s) of base 
0.5778 

4 0.1876 ; 

5 0.8745 0.8825 

6 0.2666 0.4225 0.8662 

q 0.8289 0.5297 0.8839 

8 0.1026 0.4062 0.5988 0.8974 

9 0.1679 0.5288 0.6010 0.9116 
10 0.0888 0.8127 0.5000 0.6878 0.9162 
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Fig. 19 Curve ending before perpendicular 


Fig. 18 shows such a curve extending abaft the AP, 
or station 20. To handle this situation, one may add 
and measure an additional ordinate midway between 
AP and O-ordinate and add a Simpson’s First Rule 
integration to that for the waterline as a whole, using 
methods in Sect. 4.11. 

In case the curve terminates forward of AP, as in 
Fig. 19, the curve may be extended by the dotted line 
and a fictitious negative ordinate, or ordinates, such 
@S Yo, may be read. Assuming the extremity of the 
curve is at ks, where s is the station interval, and the 
curve is a second order parabola, it may be shown that 
the area A under the real part of the curve abaft 
station 18 is given by, 


_ 8 oe La a ee 
A= (1 Bk + 5k 5 vm + 


(4 — 8k? + ke) + (1 + okt ~— 5) vel (27) 


This form might be known as the partial area rule. 
Depending upon whether k is less or more than unity, 
either ¥25 OF Yo) and ¥,, would be negative. 

As an example, in Fig. 19, let k = 0.3. Then the 
calculation for area under the curve A from its ex- 
tremity to station 18 would be, 


A= 5 (0.2894 2 + 3.75Ty ig + 1.054y,_]. (28) 


It may be seen that this formula reverts to Simpson’s 
First Rule when k = 0. The five, eight, minus one 
rule multipliers result when k = 1.0. 

Additional integrating rules could be derived using 
non-equally-spaced stations, with multipliers depen- 
dent upon the specific station locations chosen and 
predicated on the use of a parabolic curve, but there 
has in the past been little need for these. 


4.11 Combining Rules for Any Number of Ordi- 
nates. Ship curves are sometimes divided by a num- 
ber of equally spaced ordinates which are incompatible 
with the number needed for integration by either Simp- 
son’s First or Second Rules—for example, in the case 
of 5, 7, 9 or 11 intervals, defined by 6, 8, 10 and 12 
ordinates. However, these cases are readily handled 
by a combination of the two rules. In case both rules 
are used to integrate such a curve, one may perform 
a separate integration for each portion of the curve, 
or a single integration for the entire curve, in which 
case Simpson’s multipliers for the “secondary” portion 
are modified to suit the integrating factor appropriate 
to the “primary” portion. 

For example, assume there are eight ordinates and 
the area is to be found using the First Rule over the 
primary portion. Second Rule multipliers must then be 


multiplied by the factor = a = 7 The calculation 


takes the form shown by Table 5. The integrating 
factor is > appropriate to the First Rule. Also shown 


in Table 5 are multipliers when the primary portion is 
integrated using the Second Rule. 

4.12 Polar Integration. Whereas most ship curves 
are defined in rectangular coordinates, there are cases 
where polar coordinates are more convenient. For ex- 
ample, in calculations relating to static stability, por- 
tions of transverse sections of a ship might be wedge 
shaped such as OACO in Fig. 20. 

The elementary cross-hatched, four-sided figure in 
Fig. 20 has sides of length 786 and 8r. Thus, the area 
of the sector OACO is, 


A = >> (rs0)8r = ii ie (rd0)dr 


ift:; 
= -| p'd@. (29) 
2), 


1 


Here p is the distance from the origin 0, i.e. the value 
of r, to any point P in the curved side of the figure, 
and the angle 6 is in radians. 

For a given wedge-shaped figure, the foregoing in- 
tegration may be performed by any of the practical 
rules for integration previously described. The quan- 
tities p? and dé above are analogous to the quantities 
y and dz, respectively, in the equation for the area of 
a typical curvilinear figure in rectangular coordinates; 

and OC are the end radial distances corresponding 
to the end ordinates OA and HG of Fig. 15. The angle 
AOC is analogous to the length of base OF in Fig. 15. 
The angle AOC is divided by radial lines through O 
into a suitable number of equal parts. The length of 
each radial line is squared, and thereafter is treated 
in the same manner as an ordinate; that is, by applying 
the proper ordinate multiplier as required by the par- 
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ticular integrating rule that is being used. In polar 
integration for area, the factor 1/2 that appears before 
the sign of integration must be used, whereas no such 


fractional factor exists in front of the integral fua 


for the area of a figure determined by rectangular 
coordinates. Also, in polar integration, the common 
interval is the angular distance in radians between the 
adjacent radial lines. It is analogous to the linear com- 
mon interval s of rectangular integration. 

In Fig. 20, the centroid of the small elementary tri- 
angle POQ is at a distance from O of (2/3)p. The 
moment of this elementary triangle about any axis in 
the plane may be obtained by multiplying its area by 
the distance of the centroid from that axis. Thus, the 
distance of the centroid from OY is (2/3) pcos@ and 
the moment of the elementary triangle POQ about OY 
is, 


1 


3 
3 P cos 6 dé. 


1 2 2 —_ 
5° dé. p cos 6 = 
The moment M,, of the figure OACO about OY is 


2 
M,, = s{ p® cos 6 dé. (80) 
1 
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Fig. 20 Curve for integration by polar coordinates 


The distance z from OY of the centroid, g, of the 
figure OACO may be obtained by dividing the moment 
of OACO about OY by the area. Thus distance x of g 
from OY is, 


(31) 


Table 5—Typical integrations Using Combined 
Simpson's First and Second Rules 
First Rule as Primary Rule 


wn 


ARNON WHH OS Ss 


Ordinate 


SM Prod. 

7 0 

2 ay, 

4 4y, 
17/8 ark Ye 
27/8 27/8)ys 
27/8 (21/8 

9/8 (9/8)y2 

= Prod. 


Area under curve = X = Prod. where s is station spacing. 


Second Rule as Primary Rule 


Ordinate 


ADO WN HS gs 


Area under curve = 


3s 


SM Prod. 
5 0 
3 24, 
17/9 (17/9)y5 
32/9 (32/9)y, 
16/9 (16/9)y¢ 
32/9 (32/9)y¢ 
8/9 (8/9)yn 
= Prod. 


3 X = Prod., where s is station spacing. 
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Similarly, the moment of the figure OACO about 
OX, represented by the symbol M,,, may be written, 


6. 


1? ‘ 
M,. == p’ sin 6 dé. 


(32) 
3d, 
Also, the distance from OX of the centroid of the 
entire figure, y may be obtained by dividing M,, by 
the area. Thus distance of g from OX is, 


2 
uf p’ sin 6 do 
3 J, 


alee, (33) 
3 p” d@ 


o 


The integration indicated by equations for M,, and 
M,, may be done in the same way as that previously 
described for integrating the area equation. 

In order to find moment of inertia, about the z-axis 
for example, it is convenient again to think of the 
elementary cross hatched portion shown in Fig. 20. 
Thus, the moment of inertia of the sector OACO about 
the OX axis is, 


I, = YD (r86)8r(rsine? 


2 92 
x { [ sin? @ dordr = 1 f p' sin? 60 (34) 
oO Car 4 9) 


In performing a Simpson’s Rule integration for mo- 
ment, or for moment of inertia, based upon polar co- 
ordinates, (1/3) p* sin 6, and (1/4) p* sin? @ respectively 
would replace the (1/2)y* and (1/3)y° terms in similar 
calculations based upon rectangular coordinates, de- 
scribed in Section 4.2. 

4.13. Mechanical Integration. For many years 
there have been available mechanical instruments al- 


Fig. 21 


The planimeter 


lowing the important geometrical properties of any 
plane curve to be determined without the necessity of 
reading ordinates and performing a calculation. That 
is, the final results are obtained directly from dials on 
the instrument. Unfortunately, the only way to verify 
the results of such a determination is to repeat the 
operation. Mechanical integrators are, in effect, a form 
of analog computer. 

The planimeter is used to find the area of any closed 
curve; the integrator to find the moment of an area 
about a chosen axis, and sometimes also the moment 
of inertia. With the integraph the area of any figure 
may be obtained from its integral curve, which is 
drawn by the instrument. With a map measurer, the 
perimeter of any figure, or any part of it may be de- 
termined. Of these, the planimeter and the integrator 
are those most commonly used. Mechanical integration 
is particularly useful in checking the results obtained 
by calculations, and also in obtaining quickly, if only 
approximately, many of the quantities that are needed 
in the early stages of the design of a vessel. 

Today the most common method of calculation is the 
use of electronic digital computers that employ nu- 
merical methods. See section 5.16. Many of the cal- 
culations can be performed on a_ hand-held 
programmable calculator. 

4.14 The Planimeter. The planimeter is an instru- 
ment for finding the area of any plane figure. A per- 
spective view of a usual and typical form, known as a 
polar planimeter’, is shown in Fig. 21. 

The area to be found is bounded by the closed curve 
PBEFP. Any portion of the enclosing line may be 
straight, curved, or irregular. The planimeter has a 
tracing point P at one end of a moving bar PA; in 
operation this tracing point is moved by hand so as to 
trace entirely around the closed curve. Any point on 
the curve may be selected from which to start, and 
the motion is usually in a clockwise direction and con- 
tinues until the tracing point arrives back at the start- 
ing point. The other end of the moving bar PA is jointed 
at A to a weighted link AO, and this link is free to 
rotate about the point O. During the operation of the 
planimeter, the point O, which is located at a needle 
point on the instrument, is fixed in position on the plane 
of the table or paper on which the given area is drawn, 
but O should be outside of the given area. 

Attached to the bar PA, and parallel to it, is a shaft 
on which is mounted the measuring wheel R, which 
rests on the table or plane of the given figure. The 
circumferential edge of 2 is thin so as to insure almost 
a single-point contact with the horizontal plane. This 
point of contact, the tracing point P, and the support 
wheel W constitute the three points of support of the 
bar BA assembly upon the table. In operation, the 


‘The planimeter, as well as the integrator (4.15), were invented 
by Professor Jacob Amsler in Switzerland about 1856. 
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Fig. 22 Integration by planimeter 


movement of the assembly can rotate about axis A. 
The wheel F carries a scale which gives the area read- 
ing for the figure PBEFP after it has been traced. 
Consider the shaded area PQRS in Fig. 22. Arc PQ 
is circular, obtained by moving the tracing point at P 
to Q so that the moving bar JQ remains parallel to 
AP. Are QR is circular about J as center and are SP 
is circular about A as center. Arc RS is circular, ob- 
tained by moving the tracing point from FP to S so that 
the moving bar remains parallel to JR. Since rotation 
of the wheel results only from motion normal to the 


moving bar, the increase in revolutions from move- 
ment of the tracing point from P to Q is proportional 
to the area of APQJ, and the decrease in revolutions 
in moving from RF to S is proportional to the area of 
ASRI. Since sectors APS and /QR are of equal area, 
tracing ares QR and SP cancel out, and the cross 
hatched area PQRS equals the area of APQ/ minus 
the area of ASRI. Hence, the difference in wheel rev- 
olutions before and after tracing right around PQRS 
is proportional to its area. By approximating any closed 
curve by an increasingly large number of smaller 
closed curves generated in the same manner as PQRS, 
we may approach the arbitrary curve as closely as we 
please, which shows that the area within any closed 
curve is proportional to the difference in wheel revo- 
lutions as a result of tracing right around the curve. 

In each actual use it is wise to calibrate the instru- 
ment by tracing a rectangle of known area and ob- 
taining a calibration factor. 

4.15 The Integrator. The integrator is an instru- 
ment for obtaining the area of any plane closed figure 
and the moment of that area about a chosen axis. In 
most types of integrators means are also provided for 
obtaining the moment of inertia of the given area about 
the same axis. Since it is used primarily for obtaining 
cross curves of stability, it will be described and dis- 
cussed in Chapter II. 


Section 5 
Hydrostatic Curves and Calculations 


5.1 Curves of Form. It is customary in the design 
of a ship to calculate and plot as curves a number of 
hydrostatic properties of the vessel’s form at a series 
of drafts. Such curves are useful in loading and sta- 
bility studies during the design phase. Large scale 
plots of these curves for a newly built ship are then 
made for the assistance of the vessel’s operating per- 
sonnel. Such curves are known as the vessel’s curves 
of form, or synonymously, hydrostatic curves. Fig. 
23 shows the curves of form for the vessel shown in 
Fig. 1. 

Curves of form are generally drawn on a large sheet 
of graph paper with all curves plotted against a vertical 
scale of draft, and with the bottom of the vessel (zero 
draft) at the foot of the sheet. In order to avoid show- 
ing a separate scale for each curve, one horizontal scale 
of units may be provided, together with separate con- 
version factors for most of the curves. The practice 
of providing a horizontal scale of inches, instead of 
units, often followed in the past, is not recommended 
in view of the possibility of reproducing the curve sheet 
at a scale different from that of the original. 

Final curves of form as furnished for use by ship’s 


personnel are usually plotted against drafts measured 
to the bottom of the keel. However, it is not uncommon 
in the design stage to plot the curves against molded 
drafts. 

The curves of form are customarily calculated with 
the ship in an even keel condition (no trim). The draft 
scale is identified as mean draft, and it is assumed that 
the effect of trim at constant mean draft on most of 
the plotted quantities is small. This is equivalent to 
assuming that the vessel is wall-sided—that is, section 
shapes in way of the prevailing waterline are vertical. 
The effect of trim is often shown, however, by auxiliary 
curves. 

The range of drafts to which the curves are plotted 
should extend from below the lightest possible oper- 
ational draft to the deepest possible draft. The dis- 
placement curve should extend down to the origin, in 
order to provide information for calculating the height 
of the center of buoyancy, as described in Section 5.10. 

5.2 Calculations Required. Calculations of hydro- 
static properties of the ship’s hull require application 
of the methods of integration described in Section 4. 
The calculations take three forms: integrations of 
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Fig. 23. Curves of form 


plane areas to find quantities which are only area re- 
lated, integrations to find volumes and related quan- 
tities, integrations which are accomplished for an area, 
but for which the answer required also makes use of 
a volume. 

Where calculations for volume of displacement are 
needed, the integration may be done with either lon- 
gitudinal distance or vertical distance as the indepen- 
dent variable. Both such integrations are sometimes 
done for the same volume, to serve as a check. 

In all such integrations, the ship’s offsets are used. 
These should always be recorded, and printed out when 
computer calculations are undertaken. 

A formalized tabular method of performing and re- 
cording the calculations makes use of a displacement 
sheet, which is a large printed form with spaces for 
entering all offsets used, multipliers for the rule of 


integration adopted, and products of these. The dis- 
placement sheet forms a permanent record of the cal- 
culations, but has the disadvantage of lack of 
caleulational flexibility, and the large sheet may be 
awkward to file. The majority of such calculations are 
now accomplished by programmed digital computers. 
The procedure in this case should include a careful 
check of the input data, and an assurance that the 
calculation routines inherent in the computer program 
are understandable to the user, have adequate preci- 
sion, and are compatible with the details of the par- 
ticular form to be integrated. 

5.3 Area of Waterplane; Tons per Unit Immersion, 
Longitudinal Center of Flotation. The ship’s water- 
plane area must be calculated at a sufficiently large 
number of waterlines to allow a well-defined curve to 
be drawn over the range of drafts needed. If at any 
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such waterline the draft were to increase by a small 
amount with no change of trim, the volume of dis- 
placement would increase very nearly by an amount 
equal to the product of waterplane area and the in- 
crease in draft, or increase in immersion. The corre- 
sponding increase in displacement would be found by 
multiplying by the density of the water. In the past, 
an increase in draft of one inch was assumed, giving 
the Tons per Inch Immersion in salt water, 
TPI = Ayp/12 X 385 = Aywp/420 (85) 
A preferred quantity in the metric system of mea- 
surements is metric Tons per cm Immersion (TPcm). 
Since the density of fresh water is 1 metric ton per 
m*, TP em for a ship in fresh water would be, 


TP cm = Ayp/ 100 


where Ayp is waterplane area in m’?. Assuming the 
ship in salt water of density, p = 1.025 t/m’, 

TP cm = p Awp/100 = 1.025 Awp/100. (86) 
With a ship in brackish water, intermediate values of 
density should be used. 

The Center of Flotation, which is the point in the 
waterplane at which a weight added to a vessel would 
produce parallel sinkage, with no change of trim or 
heel, is at the centroid of waterplane area. The lon- 
gitudinal location, LCF, is found by calculating the 
longitudinal moment of waterplane area in conjunction 
with the calculation of area. Any axis of reference may 
be used to find the moment, such as the FP or AP. A 
midship axis is often preferred, in order to reduce the 
magnitude of numbers which result. Positive distance 
is customarily taken forward of amidships; negative 


Table 6—Calculation of Waterplane Characteristics 
at 8.23m (27-ft) Waterline 


Half- 
breadth (Half- 
Station (m) YSM Prod Lever Prod Lever? Prod. breadth)* Prod. 
0 0 0.25 0 5.0 0 25.0 0 0 0 
4 1.245 1.0 1.245 4.5 5.603 20.25 25.211 1.93 1.98 
1 3.140 0.50 1.570 4.0 6.280 16.0 25.120 30.96 15.48 
1% 5.359 1.0 5.859 3.5 18.757 12.25 65.648 153.90 153.90 
2 7.597 0.75 5.698 3.0 17.094 9.0 51.282 488.46 328.84 
3 10.956 2.0 21.912 2.0 48.824 4.0 87.648 1315.09 2630.18 
4 12.007 1.0 12.007 1.0 12.007 1.0 12.007 1731.08 1731.08 
5 12.089 2.0 24.078 0 0 0 1744.90 3489.80 
6 12.039 1.0 12.039 —1.0 — 12.039 1.0 12.089 1744.90 1744.90 
7 11.899 2.0 23.798 —2.0 — 47.596 4.0 95.192 1684.73 3369.46 
8 10.271 0.75 7.703 —3.0 — 23.109 9.0 69.327 1083.52 812.64 
8% 8.417 1.0 8.417 —3.5 ~ 29.460 12.25 103.108 596.31 596.31 
9 5.962 0.5 2.981 —4.0 —11.924 16.0 47.696 211.92 105.96 
9% 3.057 1.0 3.057 —4.5 — 13.756 20.25 61.904 28.57 28.57 
10 0 0.25. —5.0 0 en ¢) 0 
z, = 129.864 =, = —34.319 x, = 656.182 4 = 15009.00 
F L 154.99 
Station sp., s 0 10 15.499 m 


Waterplane area, A wp = 2, X ; xX s = (129.864 x 20.666) = 2,683.77 m? 


Waterplane coeff., Cyp = Awp/(L x B) = 2683.77/(154.99 x 24.078) = 0.719 
Tonnes per cm immersion = 2,683.77 x 1.025/100 = 27.51 t (S.W.) 


Long’! Center of Flotation LCF = (2,/%,) x s = (—84.819/129.864) x 15.499 = 4.10 m abaft Sta. 5 


Long’] moment of inertia about Sta. 5 = =, x ; x s* = 656.182 x : x (15.499)® = 8,257,400 m* 


Long’! moment of inertia about LCF, J, = 3,257,400 — 2,683.77 x (4.10)? = 3,212,300 m* 


Trans. moment of inertia, J, = =, X as = 15,009 x 6.8884 = 103,390 m* 


Vol. of displacement, V (from displacement curve) = 17,845 m® 
Long’] BM = I,/V = 3,212,300/17,845 = 180.0 m 
Transverse BM = I,/V = 103,390/17,845 = 5.79 m. 
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is abaft amidships. LCF is then moment divided by 
area. 

Table 6 shows the tabular calculation for these quan- 
tities. The rule of integration used is Simpson’s First 
Rule with half multipliers; the integrating factor for 
area, in accordance with section 4.2 (b) is 2.2.5. The 
results apply to the full waterplane (both sides of ship). 
The integrating factor for longitudinal moment is 


2.2.5, since each ordinate is weighted by its dimen- 


sionless distance from amidships, in units of station 
spacing, s. Also included with Table 6 is the calculation 
for waterplane coefficient C,,,, discussed in Section 3. 


Co. = Waterplane area 
ari: (Ce arias 
Here L is the length between perpendiculars, although 
the actual length of the example waterplane exceeds 
LBP. Both the TPem and LCF curves are useful for 
checking the correctness of input data, in that errors 
in offsets used in calculating these two curves are 
usually detectable in the uncharacteristic appearance 
of the curves. 

5.4 Transverse Metacentric Radius; Height of Trans- 
verse Metacenter. The terms transverse metacenter 
and transverse metacentric height are defined and 
discussed in Chapter II. There it is shown that the 
vertical distance from the center of buoyancy to the 
transverse metacenter is called transverse metacentric 
radius BM, where 

BM = I,/V, (37) 
and /, is transverse moment of inertia of entire wa- 
terplane area about the longitudinal centerline and V 
is volume of displacement. Molded dimensions and vo}- 
ume are customarily used in this calculation (Section 
5.7). 

Table 6 includes the calculation for /,, inasmuch as 
the waterplane halfbreadths needed are available from 
the waterplane area calculation. The integrating factor 
is the same as for waterplane area, but multiplied by 
1/8, and halfbreadths must be cubed in accordance 
with Section 4.2. 

Also shown with Table 6 is the calculation of BM. 
Here the volume of displacement V may be obtained 
by displacement calculations up to the same waterline, 
or may be read from the molded displacement curve. 

The height of the transverse metacenter above the 
molded baseline is called KM,, or simply KM. This is 
found by adding the height of the center of buoyancy 
KB to the metacentric radius BM. That is, 


KM = KB + BM. (38) 


The curves of form include transverse KM, which 
is an important quantity for a ship from considerations 
of stability. It is important to distinguish between the 
height of metacenter KM, which is a purely geo- 
metrical quantity, and the metacentric height, ou 
which involves the location of the ship’s center of grav- 
ity, as discussed in Chapter II. 

5.5 Longitudinal Metacentric Radius; Height of Lon- 
gitudinal Metacenter. The terms longitudinal me- 
tacenter and longitudinal metacentric height are 
also discussed and defined in Chapter II. Longitudinal 
metacentric radius is there defined as BM,, where 

BM, = I,/V, (39) 
and J, is longitudinal moment of inertia of entire wa- 
terplane area about a transverse axis through the lon- 
gitudinal center of flotation LCF. 

Table 6 also includes the calculation for longitudinal 
moment of inertia of the waterplane about amidships, 
which requires the waterplane halfbreadths. In per- 
forming the calculation, each ordinate must be 
weighted by the square of its distance from the ref- 
erence axis. This is done nondimensionally in units of 
the common interval, or station spacing s. The inte- 
grating factor is, 


2.2-s7/8. 


In order to correct the longitudinal moment of inertia 
to a transverse axis through the LCF, the product of 
Aywp-(LCF)* is deducted from the longitudinal moment 
of inertia about amidships, in accordance with section 
4.2. This calculation is shown at the foot of Table 6. 

The longitudinal metacentric radius BM, is then cal- 
culated and the height of the longitudinal metacenter 
above the baseline KM, is found, where 

KM, = KB + BM,. (40) 

As in the case of the transverse metacenter, the 
height of the longitudinal metacenter KM, should not 
be confused with longitudinal metacentric height, 
which is discussed in Chapter IT. 

5.6 Molded Displacement and Total Displace- 
ment. The displacement of a vessel is the product of 
underwater volume—or volume of displacement—and 
the density of the medium in which the vessel floats. 
Curves of form for an oceangoing vessel usually in- 
clude three displacement curves; molded displacement 
in salt water, total or gross displacement in salt water, 
and total displacement in fresh water, Fig. 23. Of 
these, total displacement in salt water is probably the 
most useful to operating personnel of oceangoing 
ships. A scale of displacement in metric tons is usually 
provided at the top of the curve sheet. 

The volume of the underwater portion of a steel 
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Table 7—Calculation of Displacement and Longitudinal Center of Buoyancy at 5m 
(16.41-ft) Waterline 


Area Lever 
Station (m)? % SM Prod (nondimens.) 
—0.07 0 0.0175 0 5.07 ‘ 
-0.035 30 00 0.21 5.035 eb 
0 4.2 0.2675 1.12 5.0 
% 12.7 1.00 12.70 4.5 
1 22.6 0.50 11.30 4.0 
1% 35.1 1.00 35.10 3.5 
2 50.6 0.75 37.95 3.0 
3 83.3 2.0 166.60 2.0 First 
4 106.1 1.0 106.10 1.0 Rule 
5 113.7 2.0 227.40 0 
6 107.6 1.0 107.60 —1.0 
7 81.4 2.0 162.80 —2.0 
8 44.0 0.7813 34.38 —3.0 
8% 29.1 0.8488 24.30 —3.5 Second 
9 17.4 0.8438 14.68 —40 Rule 
9% 5.3 0.3138 1.66 ~45 First 
9.565 33 0.18 0.43 —4.57 Rule 
9.63 0 0.0825 0 —4,.63 
¥,=944.33 


Sectional area curve extended beyond Stations 0 and 9% to extremities, as shown by 
Fig. 24 and read at midpoint between last station and extremity. Simpson’s Multipliers 
proportioned accordingly. Thus, at Station —0.035, 4SM = % x 4 x 0.085 = 0.07; at 


Station 0, 4 SM = 0.25 + 0.0175 = 0.2675; at Station 8, %SM = ¥ (1.0 i ; x 1) = 
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0.7813 (First and Second Rules); at Station 8% and 9,4SM = % x ; x é = 0.8438; at 


2. 


Station 9%, 4 SM = % G x ; + a) = 0.8138; at Station 9.565,%4SM = %x 4x 
0.065 
“T.0- es! 0.13. 


2 


Then V, volume of displacement = 2, x ; xX s = 944.88 x = x 15.499 = 9,757 m*. 
Displacement, A = 1.025 x 9757 = 10,000 t (SW.) 


95.6 


3 


LCB = zs x s = ——— xX 15.499 = 1.57 m for’d of Station 5. 


944.33 


vessel is made up of the volume of the molded form 
(Section 5.7) plus the volume of the steel shell plating 
and other appendages, such as rudder, propeller, shaft 
bossings, sonar domes, bilge keels, etc. (Section 5.18). 
In a wooden vessel it is the volume to the outside of 
planking plus the volume of other appendages. 

In a steel single-screw cargo vessel the volume of 
all appendages is usually slightly less than 1 percent 
of the molded volume, and the shell plating is by far 
the largest contributor, perhaps 0.75 percent. For very 
large ships, this percent tends to be lower—less than 
0.5 percent for a typical large tanker. In multiple-screw 
vessels, the appendages constitute a greater percent- 
age of the molded volume than in the case of single- 
screw vessels. 

Of the various curves of form, the displacement 
curves are of particular importance. They are expected 
to be accurate, and are frequently utilized for the pre- 
cise determination of displacement, as for example at 


the inclining experiment and deadweight check before 
delivery of a vessel. 

Having calculated the displacement at different 
drafts, the coefficients of form discussed in Section 3 
can be readily calculated. Curves of cg, cp, cy, and 
Cwp are usually included among the curves of form. 

5.7 Displacement and LCB. The calculation of a 
molded displacement curve requires that all portions 
of the vessel below the waterline of interest be in- 
cluded. This requires integration of volumes upward 
from the baseline. Should the vessel extend below the 
baseline, as from drag to the keel, a finite volume of 
displacement would exist at zero mean molded draft. 
The usual method is to calculate sectional areas di- 
rectly and then to integrate them longitudinally. The 
longitudinal center of buoyancy for the waterline of 
interest is also conveniently found in this calculation. 

Table 7 shows such a calculation up to one waterline 
for the example ship of Fig. 1. Simpson’s First Rule 
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LCB = 1.01% LBP 


SECTIONAL AREA, 80 


BOTH SIDES, m2 
FORD. OF STA. 5 


Fig. 24 Sectional area curve for 5 m waterline 


is used as the primary rule, with half multipliers. In 
order to find the longitudinal moment of volume, the 
sectional areas are multiplied by their non-dimensional 
distances from amidships. The longitudinal center of 
buoyancy is then found as the quotient of moment 
divided by volume. In some cases the inclusion of ap- 
pendages may have a significant effect. 

The integrating factor for volume of displacement 
is simply 2 - s/3, inasmuch as the sectional areas used 
represent the total sectional area for both sides of the 
ship, as plotted for Bonjean Curves. In the case of 
longitudinal moment, the integrating factor is 2 . s?/ 
3. Here s is station spacing. 

A substantial number of points are desired for the 
displacement curve. Most vessels change rapidly with 
draft at the lower waterlines. For example, a ship with 
small deadrise and no drag would have a large change 
in TP em between zero mean draft and say the 0.5 m 
waterline. 

In order to find the area to the lowest waterline one 
may use a planimeter, or else a number of closely- 
spaced waterlines together with numerical integration. 
The latter method is often used with digital computer 
calculations. 

Calculations of volume and moment of volume for 
upper waterlines may be simplified somewhat if they 
are confined to successive “layers” of the underwater 
body above the uppermost waterline for which volume 
and moment calculations have already been completed. 
Thus, to calculate values up to the 5 m waterline, the 
“ordinate” to the curve to be integrated may be taken 
as the difference between areas for 5 m and 4 m water- 
lines. The volume of displacement increase so found 
would be added to that for the 4 m waterline. 

As shown in Section 2.2, displacement is obtained 
from displacement volume by multiplying by the mass 
density of the liquid in which the ship is assumed to 
float. In SI units, 


A=pV. (2) 


In English units, 
W = pgV tons. (1) 


Correspondingly, to find LCB for the 5-m waterline, 
the longitudinal moment of volume between the 5 m 
and 4 m waterlines may be added to that for the 4 m 
waterline. LCB for the 5 m waterline is obtained by 
dividing total moment by total volume. 

Fig. 24 shows the sectional area curve for the 5 m 
waterline, as well as its longitudinal centroid, which 
represents LCB at a molded draft of 5 m without trim. 

In principle, waterplane areas may be found at sev- 
eral closely spaced, but low waterlines, and these areas 
integrated vertically to find displacement. However, 
greater accuracy is generally attainable by the lon- 
gitudina] integration method. 

Having calculated the displacement at different 
drafts, the coefficients of form discussed in Section 3 
can be readily calculated. 

5.8 Vertical Center of Buoyancy by Vertical Integra- 
tion of Waterplanes. A basic feature of any vessel 
from the point of view of stability is the height of the 
center of buoyancy above the baseline, called XB. It- 
may be calculated by first finding the vertical moment 
of the volume of displacement above the baseline at 
any waterline. 

In integral form, the moment up to draft 7; is, 


Tp 
{ T AwpdT. 


Tp Tp 

f T Agpd T { T Aypd T 

Then KB = — = —;— 
AypdT 


(41) 


o 
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The calculation requires a curve of waterplane areas 
vs. draft, as shown in Fig. 25. The vertical location of 
the centroid of the area above this curve and below 
the waterline is identical with KB for any given draft. 

For lower waterlines, a combination of the 5,8,-1 
rule, giving volume of displacement, and the 3,10,-1 
rule, giving moment of volume, may be utilized for 
integration, on the assumption that the plot of water- 
plane area against draft resembles a parabolic curve 
of the second order. Table 8 shows such a calculation 
for that portion of the vessel in Fig. 1 below the 1m 
waterline. The integrating factor for volume of dis- 
placement is s/12 where s is waterline spacing. The 
integrating factor for moment of volume is s?/24. 

The same general procedure may be used for upper 


waterlines, but with the calculated volume and moment 
of volume, for the appropriate pairs of waterlines, 
added to corresponding values for the waterline below. 
Table 8 includes the calculations of volume of displace- 
ment and KB up to the 2 m waterline. 

5.9 Vertical Center of Buoyancy by Integration of 
Displacement Curve. Another method of obtaining KB 
depends upon the fact that the curve of volume of 
displacement vs. draft is the integral of the curve of 
waterplane areas. Fig. 26 shows a curve of volume of 
displacement V against draft 7. The area A of the 
cross hatched section between the curve and the 
horizontal line at the prevailing draft 7, may be ex- 
pressed as the sum of many small rectangles of area, 
5V(T, — T). Thus, ; 


Table 8—Calculation of Volume of Displacement and Height of Center of Buoyancy by 
Vertical Integration of Waterplane Areas 


Height above Waterplane Multiplier Multiplier 
baseline, m area, m? for volume Product for moment Product 
0 194 5 970 3 582 
1 1714 8 13712 10 17140 
2 1976 —1 —1976 —1 —1976 
2, =12706 2.= 15746 
1 1714 5 8570 3 5142 
2 1976 8 15808 10 19760 
3 2137 —1 — 2137 ~1 — 2187 
2322241 2 ,= 22765 
Values for 1 m draft 
Volume of displ., V = Ss x 2, = = x 12,706 = 1059 m? 
S? 
Moment of volume about baseline, My = 7 X 22 
= 1? —_ 1? = 4 
= 94 X =, = x4 * 15,746 = 656.1 m 
. sp My _ 656.1 _ 
Height of center of buoyancy, KB = VT ~ t059 7 0.62 m 


Values for 2 m draft 


Added volume of displ., 5V (1 m to 2 m) = = xX 2; = = X 22,241 = 1853 m°® 


12 12 


Total volume, = V = V + 6V = 1059 + 1853 = 2912 m® 
Moment of added volume, 5M, (1 to 2 m) about 1 m waterline 
2 


2 
= si xr,= A x 22,765 = 948.5 mé 


Moment of added volume about baseline = 948.5 + 1858 (1 - 0) = 2801.5 m‘ 
Moment of total volume about baseline,  M, = 656.1 + 2801.5 = 3457.6 m‘ 
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Fig. 25 Waterplane area vs. draft 


Tp 
A= S(T, - T)8V = { (T. — T)dV in the limit. 


ii 
But the volume of displacement V = i AypdT and 


dV = AypdT, where Aw, is waterplane area. 
Hence, separating the integral into two parts and 
substituting for dV, 


Tp Tp Tp 
a=[ (7, - Nav = 7, [ av ~ [ TaY 


Tp Tp 
~ | Aya ~ | AypTAT. 


The first of these integrals is volume of displacement 
up to 7,. The second integral represents the moment 
of the volume of displacement about the baseline M,,, 
or, 


A=T,V — M.,, and M,, = 7,V — A. 


Inasmuch as the area of the rectangle formed by 7, 
and V at T, is simply 7, - V, we see that to find the 
moment of the volume of displacement about the base- 
line, it is merely necessary to find the cross hatched 
area A and deduct it from the product of 7, - V. 
Alternatively, one can integrate the un-crosshatched 
area under the curve directly. The vertical center of 


buoyancy KB awe by definition, and therefore, 


Se aw 


B= = (42) 


WV VS DRAFT 


AREA BELOW CURVE TOV 
KB = cv] 
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Fig. 26 Volume of displacement vs. draft 


This provides a simple way of finding the vertical 
height of the center of buoyancy at any draft. In prac- 
tice, a displacement curve must be available extending 
right to the baseline. The procedure to follow is to 
draw a vertical line at the desired displacement and 
carefully measure the area between the base line and 
the curve by a rule of integration or by planimeter. 
Then dividing the measured area by the displacement 
gives KB. 

It may be noted that the ton scale to which the 
displacement curve is usually plotted presents no prob- 
lem here, inasmuch as the scale factor relating A to 
V cancels when taking the quotient. 

This method is considered the most accurate for 
finding KB at low drafts, but requires that the dis- 
placement curve at its lower end be carefully defined. 
Using longitudinal integration as described in Sec. 5.7, 
finding precise values of displacement at low water- 
lines should not pose a problem. 

5.10 Approximate Formulas for Vertical Center of 
Buoyancy. In the initia] stages of design, the height 
of the center of buoyancy may be required, yet a dis- 
placement curve is not available, precluding a calcu- 
lation of KB by the method of Section 5.9. To this end, 
approximate formulas may be used as given below. 

The Morrish formula (Morrish, 1892), also known as 
Normand’s formula, gives the distance below the DWL 
of the center of buoyancy as, 


i(s+ _) 
3\2 © Aye!’ 


where T is molded mean draft, V is corresponding 
volume of displacement and Ay», is corresponding wa- 
terplane area, all in a consistent system of units. The 
expression may be written more directly as, 
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= 1 /5T Vv 
KB 3(3 z-) (43) 

Experience has shown that for vessels of ordinary 
form the formula gives close approximation to the 
height of the center of buoyancy, not only for load 
draft but also for lighter drafts. 

The formula may be derived from a diagram such 
as Fig. 27 in which KUP is a curve of waterplane areas 
plotted against molded drafts. LP equals Awp, water- 
plane area at mean molded draft 7, which equals AL. 
The area of the figure LKUPL is equal to V, volume 
of displacement, and the centroid of this figure is at 
the same height above the baseline as the center of 
buoyancy. It is assumed that the centroid of the poly- 
gon LKBPL is at the same height as the centroid of 
LKUPL. 

Another approximation which gives values quite 
close to those of Fig. 23 is Posdunine’s formula (Pos- 


dunine, 1925), 
4 ap 
Aten 


T 
The symbols have the same meaning as for the pre- 
vious expression. 
Experience with this formula indicates particularly 
good agreement with ships of high midship coefficient, 


(44) 


i 
5.11 Change of Displacement with Trim. Curves of 
form are customarily calculated for an even keel (no 
trim) condition. It is shown in Chap II that when a 
vessel changes trim by a moderate amount because of 
the movement of a weight forward or aft, the draft 
remains constant at the center of flotation. Thus, if 
the center of flotation is abaft amidships, a weight 
shift causing trim by the stern will result in a reduction 
in mean draft. Therefore, if it be stipulated that mean 
draft remain constant, an increase in displacement re- 
sults from trim by the stern in this case. The approx- 
imate increase in displacement in t per cm, (or tons 
per in.), of trim by the stern is (see Chapter II, 8.6), 
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Fig. 27. Morrish Formula diagram 


TPem d/L (45) 


or 
TPI d/L (46) 

where 

d = distance LCF is abaft amidships, 

L = length of ship between draft marks. 
It is important that the direction of trim, by bow or 
stern, and the sign of the change in displacement, be 
clearly labeled on the curve. 

As one of the curves of form, change of displace- 
ment with trim usually shares with longitudinal cen- 
ter of buoyancy, and longitudinal center of flotation, 
a separate reference axis from the displacement curve. 
If the LCF curve crosses amidships, the value of the 
change of displacement curve will be zero at the draft 
at which it crosses. 

5.12 Moment to Change Trim. The moment nec- 
essary to change trim by a fixed quantity is an im- 
portant characteristic of a vessel and one frequently 
used for loading studies. The Moment to Change Trim 
1 cm (MTcm) may be found using principles outlined 
in Chap II. The expression is, 


A. GM, 


sags 1 Ba 


(47) 


where A is ship displacement in metric tons, GM, is 
longitudinal metacentric height = KM, — KG in m, 
L is length of ship between draft marks in m. 

In English units, long tons and ft, 


121. 


MT\" = (48) 


The value of KM, is found as noted in Sect._5.5 for 
any draft. The height of center of gravity KG will 
depend upon the loading condition of the ship. How- 
ever, for most ships, the range of values of KG to be 
expected in service is a relatively small percentage of 
GM, and it is sufficiently accurate to assume a stan- 
dard and reasonable location. For many ships the 
height of the center of gravity is not far from the 
prevailing draft, and that location is sometimes chosen 
for the curves of form. However, for the example ship, 
the height of the center of gravity is assumed to be 
the same as the height of the center of buoyancy, so 
that GM, = BM,,. 

Inasmuch as it is directly proportional to displace- 
ment, it is evident that MTcm will vary directly with 
water density. Thus, at any draft M7cm should in- 
crease when in salt water, compared with its value in 
fresh water. 

5.13 Displacement of Appendages. In order to find 
the total displacement of a ship, the displacement of 
the appendages—shell plating, rudder, propellers, 
bilge keels, bossings, etc.—up to any given waterline 
must be calculated and added to the displacement of 
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Fig. 28 Sections and sectional area curve of bossing 


the molded form. The displacement of these appen- 
dages may be calculated from the shell expansion, 
midship section, and detail drawings of the various 
parts. 

A typical example of such an appendage is the boss- 
ing on a twin screw ship. Fig. 28 shows transverse 
sections through such a bossing and the longitudinal 
distribution of areas associated with it, or sectional 
area curve. As in the case of the ship’s molded form, 
the area of the sectional area curve represents the 
volume of displacement of the bossing. 

Many ships built in recent years are fitted with trans- 
verse thrusters, which take the form of a cylindrical 
transverse free-flooding tunnel through the ship at a 
low waterline. These represent departures from the 
molded form of the ship, and may be accounted for as 
a “negative” appendage—that is, the net free-flooding 
volume of the tunnel should be deducted from the 
volume of other appendages. In case of naval ships 
with large sonar domes, the dome may be treated as 
part of the molded form, or alternatively as an appen- 
dage. The convention adopted should be clearly stated 
on the curve sheet. 


In calculating the displacement of the shell plating, 
any strakes of “out” plating must be properly ac- 
counted for. For example, if the flat plate keel is an 
“out” strake, the volume between its inner surface 
and the molded form is also treated as appendage 
volume. 

5.14 Curves of Form for Particular Types of Ves- 
sels. Certain specialized vessels may call for addi- 
tional curves of form beyond those discussed in the 
foregoing. For example, bulk carrying vessels such as 
tankers and ore carriers can experience more than 
insignificant degrees of hull girder bending in still 
water as a result of concentrated weights. If the de- 
flection of the hull girder can be predicted, this can be 
accounted for in hydrostatic characteristics, such as 
displacement for drafts read at bow and stern. 

A simple but not unrealistic hull girder deflection 
curve is a second order parabola y = az’ where y is 
the deflection from the zero bending moment case, x 
is longitudinal distance from amidships, non-dimen- 
sionalized by the length of the ship, and a is vertical 
deflection at the ends of the ship, resulting in hog or 
sag, compared with amidships. 

To find the increase in displacement with sag, wa- 
terplane halfbreadths must be weighted, first by the 
deflection, taken as (a — y), and then by the rule of 
integration multipliers (Simpson’s multipliers). Table 
9 shows diagrammatically how the calculation may be 
performed, the increase in displacement with sag being 
that to be added to the displacement from drafts read 
at the ends of the vessel, assuming a straight keel. 

In case the effect of trim on displacement is consid- 
ered to be of unusual importance, trim correction 
curves may be calculated by assuming a series of 
trimmed waterlines, say for 1 m trim, 2 m trim, etc. 
by both bow and stern, and at a series of drafts. Such 
calculations are facilitated by the use of Bonjean 
curves, as discussed in Section 6. Resulting trim cor- 
rections in displacement are more accurate than can 
be obtained by the change in displacement with trim 
curve described in Section 5.11, inasmuch as they do 
not assume the vessel is wall-sided. 

Unusual hydrostatic properties may be found for 
particular types of vessels, including floating dry- 
docks, offshore mobile platforms, integrated tug- 
barges, and ships with large compartments which are 
occasionally free flooded, such as the dock area on float 
on-float off barge carriers. The curves of form in these 
cases may be characterized by knuckles at the draft 
at which large elements of buoyancy are immersed, 
or by several curves of the same quantity, depending 
upon the ship’s condition. Careful thought is needed 
in analyzing such vessels. However, the calculation of 
displacement, and displacement related curves, may 
be more directly done when the underwater body 
is largely composed of simple geometrical bodies— 
cylinders, cones, prisms—rather than surfaces of 
compound curvature. 


SHIP GEOMETRY 41 
Table 9——Calculation for Finding Increased Displacement per Meter Sag 
Dimensionless ; 
distance from Deflection, y (Ymax —Y) HB 
Sta. amidships (x/L) m m m SM Product 
0 0.5 1.00 0 Yo Yy 0 
y 0.45 0.81 0.19 ve 2 0.38 y, 
1 0.4 0.64 0.36 yi 1 0.36 y, 
1% 0.35 0.49 0.51 Yiy 2 1.02 yiy 
2 0.3 0.36 0.64 Yo 3/4 0.48 y, 
3 0.2 0.16 0.84 Vs 4 3.36 Y5 
4 0.1 0.04 0.96 V4 2 1.92 y, 
5 0 0 1.00 Ys 4 4.00 y; 
6 ~0.1 0.04 0.96 Ve 2 1.92 Y, 
7 —0.2 0.16 0.84 Yr 4 3.36 y, 
8 ~0.3 0.36 0.64 Vs 3/4 0.48 Y, 
BY, ~0.35 0.49 0.51 Ya, 2 1.02 Yay, 
9 —0.4 0.64 0.36 Yo 1 0.36 y, 
9% —0.45 0.81 0.19 Yor 2 0.38 Yo, 
10 —0.50 1.00 0 Yo % 0 
a\? - 
Assumed deflection, y = 4 x (=) 
; 2 he : 
Increased volume of displacement per metcr sag = 3 x s X = in m? (both sides 
of ship), where s is station spacing in m. 
Table 10—Condensed Summary of Curves of Form Values 
Mean draft Displacement in metric tons LCB, long’l. | LCF, Long’l. | KB, Center Tons Moment 
to bottom Molded Gross Gross center of center o of buoyancy per to change 
of keel, in in in buoyancy flotation above cm trim 
meters salt water | salt water | fresh water | from (%), m from &%, m | baseline, m | immersion | 1 cm, t-m 
2 8243 3273 3151 2.15 F 2.41 F 1.11 20.3 121 
3 5347 5418 5245 2.11 F 1.83 F 1.65 21.9 134 
5 9941 10033 9748 1.59 F 0.08 F 2.74 24.0 156 
7 14932 15065 14658 0.73 F 211A 3.82 26.0 184 
9 20350 20462 19903 0.42 A 5.20 A 4.93 28.9 232 
il 26317 26449 25707 1.73 A 7.08 A 6.08 30.8 286 
12 29448 29611 28757 2.32 A 7.38 A 6.64 31.8 311 
KM, Transv. BM,, 
Mean draft | Increase in metacenter Long’l. 
to bottom | displacement above metacentric | _C, Cy Cp Cw Wetted surface 
of keel, for 1 cm trim baseline radius Block | Midship | Prismatic | Waterplane | 1m Square meters 
meters by stern, t m m coeff. | coeff. coeff. coeff, Bare Hull | Total 
2 —0.306 19.4 579 0.427 | 0.864 0.494 0.529 2332 2339 
3 —0.260 14.8 388 0.470 | 0.908 0.518 0.573 2669 2685 
5 ~ 0.023 11.3 243 0.522 | 0.944 0.553 0.629 3344 3377 
7 +0.367 10.4 190 0.562 | 0.961 0.584 0.680 4013 4066 
9 +0.951 10.4 177 0.593 | 0.969 0.612 0.748 4733 4794 
11 +1.407 10.7 169 0.626 | 0.976 0.642 0.803 5478 5540 
12 +1,507 11.0 164 0.641 | 0.978 0.658 0.830 5852 5920 
Principal Ship Dimensions 
Length overall, m 166.60 | Design draft, molded, m 8.23 
Length between perpendiculars, m 154.99 | Displacement, molded, at design draft, s.w., tons 18,250 
Length for coefficients, m 154.99 | Bottom of keel below baseline, m 0.0254 
Breadth, molded, m 24.08 | Half siding at baseline, m 0.660 
Depth, molded, to main deck amidships, m 14.66 | Deadrise, m 0.305 
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. Calculate, plot Bonjean curves (see Section 6). 

. Read Bonjean curves at desired drafts; integrate longitudinally 
to calculate, then plot at each draft: displacement, LCB; extend 
displacement curve to zero draft. 

. Read waterline half-breadths at each draft desired, calculate wa- 
terplane area, calculate, plot LCF, TPcem, Cyp, calculate J; about 
ships centerline, calculate /, about transverse axis through LCF 
at each draft. 

. Using displacement from (2) and /, and J, from (8), calculate, plot 
BM,; calculate BM, all at each draft. 

. Integrate displacement curve vertically to calculate KB at a series 
of drafts; plot KB. 

6. Calculate plot KM from KB and BM, (4) and (5), at each draft. 

7. Calculate GM, using assumed KG, KB from (5), BM, from (4); 

using ship length between draft marks, calculate, plot M7cm at 
each draft. 

8. Using 7Pem, LCF (3), and ship length between draft marks, 

calculate coming plot increase in displ. for 1 cm trim by stern at 

each draft. 

Read displacement from curve (2), calculate, plot C,; calculate, 

plot Cy from midship Bonjean curve; calculate, plot Cp from Cy 

and C, at each draft. 

10. Read waterline half breadths at appropriate stations and drafts, 
calculate wetted surface over main body of ship at each draft 
using differential surface area method (see Section 7). 

11. Girth stations at ends of ship, approximate wetted surface of 
ends; calculate, plot wetted surface of complete ship by adding 
wetted surface of main body from (10) at each draft. 

12. Using waterplane areas from (8), integrate vertically to get 

displacement and KB, check results obtained in (2) and (5). 


wo noe 


oT > 


= 


Fig. 29 Sequence of Curves of Form calculations 


5.15 Summary of Calculations. A concise summary 
of results should be furnished with the curves of form 
calculations to assist in plotting the curves and serve 
as a permanent record. Values should be listed at all 
drafts at which calculations are performed. Drafts 
should be spaced closely enough to allow drawing the 
curves without ambiguity. Table 10 is a condensed 
summarization of the plotted values in Fig. 23 for the 
example ship. 

For most ship-shaped forms, the plotted curves will 
be fair, with few points of inflection. The presence of 
any unfairness usually indicates an error in the cal- 
culations—as from incorrect input data—or an error 
in plotting. 

All of the data given in Table 10 apply to the molded 
form, with the exception of total displacement in fresh 
and salt water, and wetted surface, described in Sec- 
tion 7. Ordinarily, the other data, based on the molded 
form, are used without correcting for the effect of 
appendages, because such effects are so small as to 
be negligible as far as practical purposes are con- 
cerned—except in some cases for LCB. (Section 5.7). 

Since final curves of form are for the benefit of 
operating personnel, the curve sheet furnished the ship 
owner should show drafts to the bottom of the keel, 
with the distance from the molded base line to the 
bottom of keel clearly noted. 


5.16 Computer Applications. Calculations for 
curves of form require numerous repetitive calcula- 
tions which were formerly performed on desk calcu- 
lators. Consequently, one of the earliest applications 
of digital computers in naval architecture was in the 
calculation of hydrostatic properties. According to 
Lasky and Daidola (1977), in a survey of computer 
utilization by more than 200 ship design offices, the 
largest area of design activity to which computers are 
applied is hydrostatics, with about 80 percent of the 
responders so involved. There are known to be a large 
number of programs in existence for such hydrostatic 
calculations, and the already widespread application 
of such programs is expected to grow. 

The basic input must be the overall dimensions of 
the ship and the offsets at a series of waterlines and 
stations together with a definition of the end profiles, 
stated or implied. It is a matter of judgment as to how 
many waterlines and body plan stations are needed to 
assure valid hydrostatic calculations. Clearly more 
closely spaced waterlines are needed when the vessel’s 
form changes rapidly with draft, as normally applies 
at the lowest drafts, but the spacing should be appro- 
priate to the rule of integration adopted. Figure 29 
shows a possible sequential scheme for performing the 
various calculations. Fig. 30 shows a typical computer- 
generated body plan derived from stored offsets. 

Some programs perform many of the hydrostatic 
calculations needed for intact and damage stability 
studies described in Chapters II and III, in addition to 
curves of form, inasmuch as the hull surface offsets, 
once defined by the computer, can serve as common 
input data. When the computer is linked to a cathode 
ray scope and/or a plotter, the results may be dis- 
played for checking and/or hard copy curves can be 


Fig. 30 Computer printout of body plan of small vessel in Fig. 31 
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plotted, in addition to appearing in the computer output 
in tabular form. 

The U.S. Navy’s Ship Hull Characteristics Program 
(SHCP) NAVSEA (1976) incorporates these features 
and is widely used in U.S. design offices and shipyards 
for both commercial and naval ships. It comprises a 
set of sub-programs which perform any or all of the 
following naval architectural calculations: 

e@ Curves of form and Bonjean Curves. 

e Longitudinal shear and bending moment (still 
water and in wave). 

Trim lines after flooding. 

Floodable length. 

Limiting drafts for survival after flooding. 
Curves of intact static stability and cross curves. 
Curves of static stability and cross curves, dam- 
aged. 

Common input for the above are the hull offsets, 
which may be read from the lines drawing and entered 
by means of punched cards. Or a digitizer may be used 
to trace the body plan, read the points and enter them 
in the computer. A more economical procedure is to 
enter the offsets directly from the stored HULDEF 
data (Section 1.15). 

When utilizing this program the user is not obliged 
to use the station or waterline location and spacing 
for which the lines have been drawn; rather, an odd 
number (minimum 3, maximum 41) of body plan sta- 
tions are chosen. Each station must have a non-zero 
sectional area when fully immersed. Section offsets are 
specified at between 2 and 29 points for each body plan 
station which is assumed describable by a series of 
2nd order curve segments. These segments are con- 
sistently taken between odd numbered waterlines, for 
integration by Simpson’s First Rule. 

From the offsets the Ship Data Table (SDT) is set 
up, which is the common data base for all of the sub- 
programs. It contains the following, calculated by 
Simpson’s First Rule, for each point (waterline) on each 
section: 

(a) Half-breadth and height above baseline; and cu- 
mulative properties (above baseline). 

(bo) Full section area (both sides). 

(c) Transverse centroid of half section. 

(d) Vertical centroid of section. 

(e) Half-girth. 


AP FP 


LBP OF SHIP = 12.5 STATIONS = 300 FT. 
STATION SPACING = 24 FT. 

STATION DISTANCE FROM F.P. 

= STATION NO.x STATION SPACING. 
STATIONS SHOWN: 


—0.500 2.000 11.000 

~0.417 3.000 11.500 

—0.333 4.000 11.742 

—0.167 5.000 11.771 
0.000 (FP) 6.000 11.800 
0.250 7.000 12.000 
0.500 8.000 12.500 (AP) 
0.750 9.000 13.000 
1.000 10.000 13.417 
1.500 10.500 


Fig. 31 Typical station spacing for integration by SHCP 


The SDT can be printed out and/or retained in the 
computer memory. 

In subsequent calculations Simpson’s First Rule is 
also used between odd-numbered stations for longi- 
tudinal integration. In order to handle extremities of 
curves which do not terminate at selected stations, the 
program itself extrapolates the curve to the axis and 
determines one offset midway between the extremity 
so found and the first known offset. 

The first subprogram produces the data for the usual 
curves of form for up to 21 waterlines and 7 trims. 
Calculated properties are presented in tabular form, 
and optional plots are provided of curves of form, 
waterlines and sectional areas (Bonjean curves). 

Fig. 31 shows a typical spacing of stations for a 


‘ small vessel integrated using the SHCP. Table 11 


shows part of the output, in English units as custom- 
arily used by the U.S. Navy. 

If computer output is to serve as the final record 
for use by ship’s personnel, it is important that the 
data be presented in a completely clear way, bearing 
in mind the environment in which they will be used. 


Retrieved from www.knovel.com 
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Table 11—Typical Output from Computer Calculation of Ship Hydrostatics using SHCP 


Program 
SHIP- SHCP SAMPLE SHIP S$eS.SUSAN GAIL SERIAL NUMBER- 717 DATE= 5425/84 
HYDROSTATICS - PART I TRi 0.000 FEET 
DRAFT VO.UME OILSPLACEME NT ics K8 WETTED PRISMATIC WPLANE WPLANE 
SURFACE COEF COEF I COEF 
2.60 1722. 490d -9.56 1.03 2143. 6-759 0.596 0.372 
10.00 51593. 1474.1 8.37 6e81 12751. 0.547 G2 580 Ge410 
16.00 161991. 462405 6641 11.9¢ 20253. 0.599 04666 0.502 
26.00 319907. $883.1 4.36 16.81 26338. 00644 0.738 0.578 
30.00 395435. 11298.2 3222 19.2u 29195. 0-665 0.770 0.607 
Owl 36.09 §31140. 15175.% 1.57 22274 33410. 06.693 0.815 02651 
44.06 7259396 2074122 -0.8U 27.39 39223. 0-729 0.875 Ge107 
HYDROSTATICS - PART II TRIM 0.000 FEET 
ORAFT WPLANE LCF TP! CIOOFTS LONG. TRNSV LONG. TRNSV MTL 
AREA BM BS KM Ka 
2.09 1271. 0.12 3.03 “00901 2965.25 2200 296666 3204 40-5 
10.00 10638. 7.38 25-33 “7.47 686.8 45448 693.6 52029 231-2 
18.00 16552. 3.75 39-41 -5.91 415.5 44205 82764 55495 534.2 
26.00 20402. 0.31 48.58 -0-60 313.8 36.41 33006 53422 T7402 
30.09 21791. -1.36 51.388 3.74 28409 32621 304-1 51241 89401 
Dwl 36.09 23461. 4.77 GeTt2 10.64 251.29 26284 27406 49258 106167 
44.00 25202. -39.28 60.60 22.99 22564 21258 252268 48.97 1298.9 
SECTICNAL AREAS IN SQUARE FECY -— PART 1 TRIM 0-000 FEET 
STATIUN -0.590 ~0e417 -0.333 -0.167 0.000 CG. 250 92500 02750 
DRAFT 
2.0 ve V0 9.90 209 0.00 0.00 0.00 0.00 0.00 
10.¢ 0.6) 0.09 G29 0.00 0-00 0.00 0.00 5228 
18.0 3200 0.u0 0.60 0.09 0.00 3426 38.06 99.29 
266U Ve0G 0.09 0.90 0.00 5.25 69.01 164.73 289.98 
30.0 0-06 0.00 0.00 9-00 26025 126651 256-31 414.52 
OWL 36.0 0.00 0.00 2.90 8.56 41.38 238.81 423.31 631.97 
44.0 9.00 0.93 ved 55.55 190.27 431.89 691469 967.61k 
SECTIQNAL AREAS IN SQUARE FecT -— PART 2 TRIM 0.000 FEET 
STATION 1.000 1.5u0 2.006 3.009 4,000 5.009 6.000 72009 
DRAFT 
2eF 0-00 0244 Tet2 7220 7237 7.43 T7264 7248 
10.0 26606 90.54 144.33 217259 266463 293.07 309.75 398.99 
18.0 169.204 325.99 427247 649.16 781.84 857.61 895.07 894.64 
2606 411.40 676-16 $08.00 1211442 1426.43 1547.90 1598.99 1600.82 
30.0 563429 873699 4154003 1522666 1775.34 1916.85 1972257 1973.82 
OWL 36.0 822.79 12039649 2.551.672 2609.91 2314697 24814636 2542.69 2544.57 
44.0 1215.08 1699.35 elvleUl 2686.58 3050.62 3242.45 3310.07 3311.95 
e 
Section 6 


Bonjean Curves 


6.1 Curves of Areas of Transverse Sections. 


Fig. 


of the centerline, from the baseline up to any waterline. 


32(a) shows a typical transverse section through a ship 
on one side of the centerline, such as a body plan 
station. The area KCL, W, K from the baseline up to 
waterline W, L, may be obtained by one of the rules 
of integration, or by planimeter or integrator. Twice 
the area, plotted to a convenient scale and at the same 
draft as W,Z,, would appear as the point Q in Fig. 32 
(b). Similarly, the area KCLWK from the baseline up 
to WL could be obtained and would give the point P 
in Fig. 32(b). The curve K'QPF'T, Fig. 32 (b) thus 
represents the area of the full section on both sides 


For wooden vessels, the half section should be taken 
to the outside of the planking, but for steel vessels, it 
is customary to draw the curve of areas for sections 
taken to the molded line. 

In cases where vessels have unusually large appen- 
dages, it may be desirable to construct the curve of 
transverse section area with the inclusion of the shell 
thickness, corrected for the obliquity of the vessel’s 
form, together with the cross sectional area of other 
appendages such as bilge keels. A longitudinal inte- 
gration of such total cross section areas, together with 
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the volume of appendages not intersected by the sec- 
tions, would give the total displacement of the ship, 
but the calculation of the curves of cross sectional area 
would be too laborious for general use. 

The curves of cross sectional area for all body plan 
stations are collectively called Bonjean Curves.’ One 
of the principal uses of Bonjean Curves is determining 
volume of displacement of the ship at any level or 
trimmed waterline. 

A convenient way to calculate Bonjean Curves is by 
the use of closely spaced waterlines at the lower levels 
and the use of the 5, 8, —1 rule described in Section 
4.6. Table 12 shows the calculation for one point on a 
Bonjean Curve for the example ship. In the event the 
lowest contour of the station is considered to curve 
too sharply for a satisfactory parabolic approximation 
using available halfbreadths, a planimeter may be 
used. Further points on the Bonjean Curves may then 
be found, with the area between the next pair of water- 
lines added to that below. The moment of area of each 
section about the molded baseline may be found by an 
adaptation of the 3, 10, —1 rule. If these vertical mo- 
ments be integrated longitudinally, one may find the 
moment of volume of displacement about the molded 
baseline, and hence KB, the vertical height of center 
of buoyancy. The vertical moment of sections across 
the vessel up to any waterline may be useful in prob- 
lems which arise in the case of a ship flooded through- 
out part of its length (Chapter ITJ). 

6.2 Construction of Bonjean Curves. Bonjean 
Curves may be plotted in either of two ways. Fig. 33 
shows the curves for the ship shown in Fig. 1 plotted 
against a common scale of draft, with the cross sec- 
tional] areas for stations in the forebody and amidships 
plotted to the right of the vertical axis and those for 
the afterbody plotted to the left. The draft scale may 
represent keel drafts, or molded drafts, but the dis- 
tance from the molded baseline to the bottom of keel 
should be shown. Such a presentation has the advan- 
tage of compactness, and uses one scale of cross sec- 
tional area. It is convenient to show a contracted profile 
of the ship adjoining the curves. 

An alternative plot is that shown by Fig. 34 in which 
a separate horizontal scale of cross sectional area is 
provided for each curve, and the curves are superposed 
on a contracted profile of the ship; in the latter case, 
the vertical axes coincide with the associated station 
lines in the profile. This arrangement is convenient for 
placing and locating trim lines on the profile, but has 
the disadvantage that the horizontal area scales for 
each station may be difficult to distinguish, one from 
the other, at areas of overlap. Draft scales correspond- 
ing to those on the ship should be shown at the 
appropriate locations on the profile. 


5 Named after a French naval engineer of the early nineteenth 
century. 
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Fig. 32 Body plan section (a) and Bonjean Curve (b) 


6.3 Uses of Bonjean Curves. As noted in Section 
5.7, a standard method of calculating volume of dis- 
placement and LCB is by integrating transverse sec- 
tional areas. If the waterline at which the ship is 
floating is not for the even keel condition, Bonjean 
Curves are particularly useful. In the case of a 
trimmed waterline, the trim line may be drawn on the 
profile of the ship and drafts read at which the Bonjean 
Curves are to be entered. By drawing a straight line 
across the contracted profile of Figs. 33 and 34, the 
drafts at which the curves are to be read appear 
directly at each station. 

Inasmuch as the curves of form are constructed for 
the ship in the even keel condition and most ships are 
not wall-sided, accurate hydrostatic characteristics for 
cases with a significant degree of trim are not in gen- 
eral obtainable from the curves of form and one must 


Table 12— Calculation of Point on Bonjean Curve at Lower 
Level 


(For Station 8 on Example Ship at 1m waterline) 
Height above 


Baseline Halfbreadth 
m m Multiplier Product 
0 0.66 5 3.30 
1 3.08 8 24.64 
2 4.02 —1 — 4,02 
x= 23.92 


Transverse section area below 1m waterline 


Ss 1 
= 75 X 2 = 7g X 2392 
= 1.99 m?, one side of ship, 


= 3.99 m?, both sides of ship. 
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Fig. 33 Bonjean Curves—common vertical axis 
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Fig. 34 Bonjean Curves—separate vertical axes 
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perform a complete longitudinal integration at the 
trimmed waterline (trim line) under consideration. The 
Bonjean Curves provide the basic input for such cal- 
culations. Cases where this is needed may occur in 
connection with launching, discussed in Ship Design 
and Construction (Taggart, 1980), and when the end 


compartments of a ship are flooded, as discussed in 
Chapter III. If the ship be considered in the crest or 
trough of a wave of known profile, as may be assumed 
for longitudinal strength calculations, again the dis- 
placement of the ship can be calculated, as discussed 
in Chapter IV. 


Section 7 
Wetted Surface 


7.1 Definitions and Uses of Wetted Surface. Fora 
vessel floating at a given waterline, the total area of 
its outer surface in contact with the surrounding water 
is known as its wetted surface. When estimating the 
frictional resistance to the motion of a vessel through 
the water, it is important to know the vessel’s total 
wetted surface up to any waterline at which the vessel 
may operate. The subject of frictional resistance, and 
corrections to the wetted surface for the ship’s wave 
profile, is treated in Chapter V. 

The wetted surface may be used in estimating the 
amount of paint required to coat the vessel’s bottom 
up to a given waterline. Also, the wetted surface below 
the waterline may be added to the area of the topsides 
above the waterline to obtain the total area of the shell 
plating. Thus, the approximate weight of the shell may 
be estimated as well as the paint required for it. 

Wetted surface is customarily calculated at various 
waterlines for a new ship and appears as one of the 
curves of form. In some cases additions are made for 
appendages, such as stem, stern frame, rudder, pro- 
peller shaft bossing and bilge keels. 

7.2 Calculation of Wetted Surface. The underwa- 
ter surface of the molded form is the principal com- 
ponent of the total wetted surface of a ship. In a fine, 
high-speed, multiple-screw ship it may amount to 85 
percent of the total wetted surface. In a full single- 
screw ship it may amount to 99 percent of the total. 
The wetted surface of the shell plating is virtually that 
of the molded form; therefore, calculations of the 
molded surface of the hull plus that of appendages 
extending beyond the shell may be considered the 
entire wetted surface. 

The wetted surface of the molded form may be ob- 
tained by calculating various portions directly from 
the lines drawing, and estimating other portions 
closely. The calculation method has traditionally been 
that of drawing an expansion of the molded surface 
up to the desired waterline, and measuring the area 
enclosed by the expansion, it being assumed the area 
of the expansion is virtually that of the molded surface 
(See next section.). 

At each transverse section of the body plan, the 
distance along the contour of the section from the 


centerline at the bottom up to any given waterline is 
known as the half-girth of the section up to that water- 
line. The half girth may be obtained by bending a thin 
flexible batten around the section, or a straight mea- 
suring scale or strip of paper may be placed in contact 
with the curve of the section at the starting point and 
thereafter kept in contact with and tangent to the 
curve at successive points, by rotating the strip of 
paper slightly with the paper held in place at the point 
of contact by the point of a pencil. The measuring scale 
or strip of paper should be rotated continually about 
its successive points of contact along the curve. Al- 
ternatively, a map measurer may be rolled along the 
section perimeter, following the curve carefully and 
noting the revolutions of the wheel; these may be in- 
terpreted, by reference to a calibrated scale, as girthed 
distance. 

The half-girths of the various sections may be plot- 
ted as ordinates on their respective stations along a 
base line representing the length of the vessel. A fair 
curve passed through such points will enclose an area 
known as the transverse expansion of the molded sur- 
face of one side of the vessel up to the given waterline. 
Similarly, the transverse expansion of one side of the 
vessel’s surface may be obtained between any two 
waterlines, or up to any deck line. Fig. 35 shows these 
transverse expansions up to several successive water- 
lines, constructed from the lines drawing, Fig. 1. 

The area of the transverse expansion of a vessel’s 
molded surface up to a given waterline may be cal- 
culated readily and considered as a first approximation 
to the true area of the vessel’s molded wetted surface. 
This approximation is usually correct to within about 
2 percent and for many purposes this degree of 
accuracy will suffice. 

7.3 Graphical Corrections to Wetted Surface From 
Transverse Expansion. The molded surface is usually 
composed, in large part, of surfaces of compound cur- 
vature and so cannot be expanded into a plane. Hence, 
the area enclosed by the transverse expansion does 
not properly account for the obliquity of the vessel’s 
lines. To overcome this inaccuracy, several alternative 
graphical corrections have been developed. Fig. 36 
shows a portion of a half breadth view in the forebody 
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12.19 m (40 FT) WL 


SCALE OF HALF-GIRTHS 


Fig. 35 Transverse expansion of half girths 


of a ship, with the expansion of half girths shown 
above it. The 5 m waterline may be considered as 
giving the average slope of the 4 m and 6 m waterlines. 
By girthing the 5 m waterline, starting at amidships, 
station 5, and working forward, using either a thin, 
flexible batten or a strip of paper, the distances along 
the true shape of the waterline at which stations are 
crossed may be found. When these distances are laid 
out along the baseline of the expansion, it will be found 
that point 1 moves to point 1’, point % moves to point 
%', while the bow contour moves forward the maximum 
amount. The area under the dashed curve is then a 
closer approximation to the molded wetted surface of 
the vessel between the 4 m and 6 m waterlines than 
is the area under the uncorrected transverse expan- 
sion. This procedure is known as rectification of water- 
lines. 

Another method, which is numerically equivalent to 
that of rectification of waterlines applies a secant cor- 
rection to the half girths. Thus, in Fig. 36, the straight 
line CD, connecting the 5 m waterline half breadths 
at station 14 and 2%, has a waterline angle which 
is practically the average angle of the average water- 
lines between the 4 m and 6 m waterlines, and in way 
of station 2. Thus, the length of the molded surface 
between these waterlines, and between stations 1% and 
2% is quite close to CD. However, CD = s - sec b 
where s is full station spacing. Thus, if the half girth 
at Station 2 be multiplied by sec ¢, the area enclosed 
by the stations and line GHF in Fig. 36 will be a closer 
approximation to the true wetted surface than the area 
enclosed by the stations and line KTN. The secant 
method of modifying half-girths is probably more con- 
venient for calculation purposes than is rectification 
of waterlines, inasmuch as station ordinate locations 
are not changed. 

7.4 Integration of Differential Surface Areas. The 
foregoing methods are inherently approximate. The 
area of a transverse expansion is slightly less than the 
true surface area, while the rectification of waterline / 
secant half-girth correction method over compensates 
for the effect of obliquity on the transverse expansion, 
giving an area slightly too large. A more direct method 


of finding wetted surface is to integrate the differential 
surface area along the ship. 

The elementary area of a curved three-dimensional 
surface, defined with respect to mutually perpendic- 
ular x, y, z axes, may be found as the product of 
elementary area in the x, z plane 5x, &z and the secant 
of inclination of the surface from the z, z plane. 

In vector analysis it is shown that for a surface y 
= f(z,z), the angle B between a vector normal to the 
surface and the y axis is given by, 
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Fig. 36 Correction to transverse expansions for obliquity 
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Assume x distances are longitudinal distances along 
the ship, y distances are halfbreadths to the molded 
surface, and z distances are heights above the molded 
baseplane to the molded surface. 

Consider the unit differential area 5x, 5z in Fig. 37 
in the longitudinal centerplane of the vesse} and project 
this to the molded surface, giving differential surface 
area 6s. 

Then 


v4 § 2 
&s = 6a - 8624/1 + (54) + (32) , or area, 
x &z 


S= DD be 82 m 1: ay 4 ee or (50) 
S= ff Le ey + (22) ae de 


There seems to be no simple way of reducing this 
double integral to an integral in one variable, to permit 
calculating surface area by a single step rule of in- 
tegration. We are obliged instead to find the area in- 
crementally, the simplest and most useful way for a 
ship’s molded surface being to calculate the surface 
between pairs of waterlines which are reasonably 
closely spaced. That is, let 5z be a constant difference 
in draft and then integrate longitudinally using a rule 
of integration, such as Simpson’s First or Second Rule 
to find the wetted surface between each pair of water- 
lines. 

Table 18 illustrates a tabular calculation for finding 
wetted surface based upon differential surface area 
for the area between two waterlines of a tanker, and 
between stations 15 and 19 (20 stations LBP). The 
calculation makes use of Simpson’s Second Rule as the 
primary rule of integration, together with Simpson’s 
First Rule. It will be seen that the vertica] station 


shape slope u is obtained from the difference in sta- 


tion half-breadths above and below the area to be in- 
tegrated, whereas the longitudinal waterline slope is 
obtained as the mean of differences between waterline 
half-breadths forward of and abaft the station in ques- 
tion. 

The calculation routine avoids the necessity for mea- 
suring half girths but makes maximum use of the 
molded surface offsets. As such, it is easily adapted 
to programming on a digital computer. 

7.5 Wetted Surface Coefficients. In order to com- 
pare the wetted surface of different ships it is useful 
to calculate a dimensionless coefficient which relates 
the wetted surface to the basic characteristics of the 
hull. Such a coefficient is Cys, where, 


Fig. 37 Differential surface area 
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Fig. 38 Wetted surface coefficients 


Table 13— Calculation of Wetted Surface of Portion of Tanker by Differential Surface Area Method 
(Between Stations 15 and 19 and between the 3 m and 6 m waterlines) 


HB HB : Next HB HB Next HB HB Mean ; 
PPa@metre? § ew 
Sta m m 5z bz ford m m aft m m bx 8x Sum [Sum]* SM Product 
15 19.66 18.41 0.42 0.17 14 20.12 19.84 16 17.56 15.56 —0.12 0.01 1.18 1.09 1 1.09 
16 17.56 15.97 0.70 0.49 15 19.66 18.41 17 13.38 11.16 —0.24 0.06 1.55 1.24 3 3.72 
17 13.38 11.16 0.74 0.55 16 17.56 15.47 18 8.14 6.64 —0.33 0.11 1.66 1.29 3 3.87 
18 8.14 6.64 0.50 0.25 17 13.38 11.16 19 2.62 2.16 ~0.35 0.13 1.38 1.17 1.444 1.69 
18% 543 439 0.35 0.12 18 8.14 664 19 2.62 2.16 —0.36 0.13 1.25 1.12 1.778 1.99 
19 262 2.16 0.15 0.02 18% 5.48 439 19% —0.22* —0.28" —0.37 0.14 1.16 1.08 0.444 0.48 
y= 12.84 


HB’s are waterline halfbreadths 


5z = (6 — 3) = 3m 


= (ee — HB,, + HB,; — ate) 
dbx = station spacing = 13.94 m. 


4.8x 


x= 4 18.94 = 55.76m in way of stations, 
x = 2X 13.94 = 27.88m in way of half stations. 
3 


Integrating factor, IF = 2. a" 6z-86z= 2. ; - 13.94. 3 = 31.635. HB, is halfbreadth aft 
Wetted surface, both sides = IF - = = 31.365 . 12.84 = 402.7m?. HB, is halfbreadth forward 


* Negative halfbreadths from extrapolating where 4.8 
waterline to station. 4.6 
3 
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Cws = WS/VJV-L (49) 


Here WS is wetted surface up to any waterline, 

V is volume of displacement at that waterline, 

L is length of vessel. 

Values of Cys range between about 2.6 and 2.9 for 
usual ships of normal form according to plots in Saun- 
ders (1957). There is a noticeable dependence of Cy 
on B/T, beam to draft ratio, and on Cy, midship co- 
efficient. According to Saunders’ plots, minimum Cys 
occurs approximately with B/T = 2.9 and C, = 0.92. 

Fig. 88 plots wetted surface coefficient against 
B/T for a number of unrelated ships, with the ship 
type and number of propellers noted. The coefficients 
have been developed from wetted surface curves on 
the curves of form sheet for each vessel. In all cases 
Cwsreaches a minimum in the range of B/T from 2.5 


to 3.75, with Cy, increasing for B/T beyond the min- 
imum point. The increase of Cys for low B/T is be- 
lieved to reflect the greater submergence of the stern 
overhang which tends to accompany draft increases 
beyond the design draft. 

Wetted surface may also be estimated by reference 
to data on published hull form series such as Series 
60 (Todd, et al, 1957). 

Unusual ships may be expected to have wetted sur- 
face coefficients substantially different from those of 
Fig. 38, or those shown by Saunders. In general it may 
be expected that Ci; will increase because of hard 
sections, chines, knuckles and unusually large ap- 
pendages. The inclusion of the wetted surface of stern 
transoms, internal wells or the mating surfaces of an 
integrated tug-barge in estimating frictional resist- 
ance may not be appropriate, as discussed in Chapter 


Section 8 
Capacity 


8.1 General. A basic characteristic of any ship is 
the size of the load that it is able to carry. Thus, two 
fundamental questions arise: (a) What is the volume 
of space available for cargo—or cargo capacity? (b) 
What is the weight of cargo that can be carried at full 
load draft—or cargo deadweight? 

Under considerations of capacity are included the 
volume of all cargo spaces, store rooms and tanks and 
the location, vertically, longitudinally, and _ trans- 
versely of the centroid of each such space to allow 
finding the weight (and center of gravity) of the var- 
iable weights, or deadweight of the ship. This infor- 
mation is needed to check the adequacy of the vessel’s 
size, and to determine its trim and stability character- 
istics. The calculations are called capacity calculations 
and lead to capacity curves and plans. 

The total deadweight of a merchant ship is the dif- 
ference between the full-load displacement weight and 
the light ship weight—the latter consisting of the 
weight of hull steel, machinery (wet), and outfit. The 
actual “payload” or cargo deadweight is obtained by 
deducting the typical maximum values of the variable 
weights of fuel, stores, fresh water, water (or other 
removable) ballast, crew and their effects from the 
total deadweight. 

In this book we must use the term weight loosely, 
for when using SI units of kilograms or metric tons 
we are really speaking about mass. However, if inch- 
pound units are retained—lbs and long tons—we are 
then speaking correctly of weight. Similarly, dead- 
weight and displacement (as explained in section 2.2) 
can be in either SI mass units or in inch-pound weight 
units. 


8.2 Capacity Plan. Fig. 39 shows, in abbreviated 
form, the capacity plan for a multipurpose dry cargo 
ship. Such a plan is prepared for the use of the ship 
owner, and summarizes in convenient form the amount 
of cargo, fuel, fresh water and stores which the ship 
may carry, and the spaces into which these will go. 
The amount of elaboration on the actual plan varies 
at different shipyards, and depends upon owners’ re- 
quirements. There is always an outline inboard profile 
showing the location of tanks, store and cargo spaces 
and frequently there are also deck plans showing the 
arrangement of these spaces, as well as sectional views 
at various frame locations along the ship. The plan 
includes the principal dimensions of the ship, and 
shows, usually in tabular form, the name, location and 
volume of each cargo space, tank, consumable stores 
space, etc., as well as its longitudinal and vertical cen- 
troid when filled, and its transverse centroid, if the 
space is unsymmetrically disposed about the vessel’s 
centerline. If large units of cargo are to be carried, 
such as shipping containers or cargo barges, the lo- 
cation of the various vertical tiers and longitudinal 
rows are shown, as well as how the units are positioned 
transversely. In the event that the ship is intended to 
carry specific amounts of deck cargo, such as deck- 
stowed containers, these also are shown. 

The plan includes a displacement scale alongside a 
scale of drafts, and draft markings as they appear on 
the side at the ship at amidships, for all drafts from 
the light condition to full load. Also usually shown 
next to the draft scale are TPcm and MTcm. Freeboard 
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Fig. 40 Capacity plan—containership 
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(Continued from page 51) 

markings and the Plimsoll mark are shown at the top 
of the draft scale. (The assignment of freeboard is 
covered in Ship Design and Construction, Taggart, 
1980). A scale of deadweight is also shown. A trim 
table is often included to permit the estimation of 
changes in trim resulting from the addition or removal 
of weights at various locations along the ship. 

Included on. the capacity plan may be a list of per- 
missible deck loadings, in tons per m’, and the outreach 
and lifting capacity of cargo handling cranes or booms 
with which the ship is fitted. 

The ship shown in Fig. 39 carries general cargo in 
five holds, containers in guides in one hold, refriger- 
ated cargo in one hold, and cargo oil in deep tanks 
under four holds and outboard of one hold. Deck- 
stowed containers, loaded by a shipboard gantry, are 
regularly carried on the hatch covers over one hold. 

The capacity plan for a typical all-container ship is 
shown in Fig. 40. 

8.3 Cargo Capacities. Detail calculations are un- 
dertaken to determine the volumes of individual 
spaces. In the preliminary design phase, approxima- 
tions to capacities may be adequate. When the design 
is finalized, exact methods should be used. Where 
spaces are composed of simple geometrical forms, the 
standard geometrical formulae may be used. However, 
on most ships there are numerous spaces bounded on 
at least one side by the curved hull surface, which are 


CL 


Fig. 41 


Section for capacity calculaitons 


more amenable to calculation by one of the rules of 
integration. 

Two types of capacity are customarily listed on the 
capacity plan for general cargo holds: 

(a) Bale capacity represents the volume below deck 
beams and inboard of cargo battens which is available 
for stowing the typical commodities found in general 
cargo, usually in the form of bales, barrels, bags, 
crates and boxes. 

(b) Grain capacity represents the net molded vol- 
ume of the space, after deductions for the volume of 
structure and of ceiling, that is available for carrying 
granular cargoes in bulk. 

In order to calculate bale capacity, a number of 
frames are selected between the bounding bulkheads. 
Sectional views are then drawn which show the inside 
of cargo battens, bottom of deck beams above, and 
hold ceiling at each frame, as shown in Fig. 41. The 
cross sectional area available for stowage in way of 
each frame is then found; these allow a sectional area 
curve to be drawn, which may be integrated using 
Simpson’s Rule to find the volume, and transverse and 
longitudinal centroids. Horizontal sections through the 
space may be taken at a series of levels, and integrated 
vertically to find the vertical moment, and centroid for 
partially full and 100 percent full condition. 

For grain capacities, the transverse areas are taken 
to the molded lines, except that deduction is made for 
ceiling on the inner bottom. A deduction for shifting 
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Fig. 42 Section showing container clearances 
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Fig. 43 Underdeck area 


boards may also be necessary. For both bale and grain 
capacities, deductions must be made for stanchions, 
pipe covering, deck gratings and other such interfer- 
ences with stowage. 

Refrigerated cargo compartments are figured for 
total capacity inside of insulation, with deductions for 
grating on decks, for stanchions, batten protection of 
refrigerating coils, for air ducts and fan rooms. This 
volume is usually from 60 to 80 percent of the molded 
volume. When refrigeration is for fruit carrying, and 
bins are provided for stowing the fruit, a separate bin 
capacity is figured, this being the net inside capacity 
of the bins. The capacity plan, Fig. 39, shows refrig- 
erated cargo forward of hold No. 6. The space taken 
up by insulation is evident. 

Thus far it has been assumed that all cargo is ho- 
mogeneous; that is, that each cubic meter of it weighs 
the same. This is by no means always the case. In 
figuring the centers of gravity of weights in mail 
rooms, baggage rooms and special storerooms, it may 
be desirable to estimate the centers of gravity of the 
weights as they are actually expected to be placed. 
For some services, it may be desirable to figure that 
cargo of different weights per cubic meter may be 
carried in different parts of the vessel. If cargo is hung 
from the overhead, as for example meat in refrigerated 
compartments, the center of gravity is effectively at 
the hook. 

When the cargo consists of containers, barges or 
vehicles, the problem is different, inasmuch as each 
unit occupies a finite and predictable space. Cross sec- 
tional drawings through the container or barge holds, 
or vehicle decks, showing how the units are to be 
stowed, are more useful than volumetric calculations. 
A capacity plan for such vessels shows the number, 
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curve—dry cargo ship 


size and sometimes limiting weight of units, and where 
they are to be stowed on the ship, rather than the 
volume of the holds. It is important in the design phase 
to demonstrate that the lower outboard corner of such 
specific units and their supporting structure, can be 
fitted in the space available inside the molded line of 
the hull, as shown by Fig. 42, and that the number of 
tiers of units to be stowed in the hold can be accom- 
modated under the hatch covers. In the case of roll- 
on/ roll-off vessels, outline drawings of the vehicles as 
stowed are sometimes shown to demonstrate available 
clearance between pairs of lanes and between the tops 
of vehicles and overhead structure. 

A useful drawing sometimes prepared in studies of 
capacity is a curve of underdeck areas. This is quite 
similar to a sectional area curve, such as shown in Fig. 
24, and has the same ordinate and abscissa units. How- 
ever, the curve plots sectional areas below the main 
deck. It may be constructed by the use of Bonjean 
Curves, modified as necessary for volumes in way of 
trunks or hatches. The space below the curve is sub- 
divided by lines representing decks and bulkheads, so 
that all internal spaces are accounted for. Fig. 48 
shows an example of such a curve for the dry cargo 
ship shown in Fig. 39 simplified to illustrate the prin- 
ciples. Many spaces across the ship are made up of 
readily calculable rectangles, and the cross section of 
the wing tanks with curved boundaries can sometimes 
be found by subtracting the rectangular areas from 
areas bounded by the curve ordinates. An underdeck 
area curve may be used to check available space in 
the early stages of design, not only from the point of 
view of capacity and payload, but also to check tonnage 
volumes. Tonnage is covered in Ship Design and Con- 
struction (Taggart, 1980). In the case of certain recent 
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Fig. 44 Tank capacity curve 


naval ship designs, internal volumes are at a premium 
to meet requirements for habitability and electronics. 
An underdeck area curve is a useful means of deter- 
mining whether such requirements can be met. 

8.4 Tank Capacities. The volumes of rectangular 
or cylindrica] tanks, and their centroids, for any per- 
centage of filling, are readily determined using stan- 
dard formulas. In the case of irregularly shaped tanks 
like wing tanks in parts of the ship where the vessel’s 
shape is changing rapidly, the volumes may be found 
using the method suggested in the preceding section, 
with the exception that the cross sectional area should 
be taken from longitudinal boundaries outboard right 
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to the molded surface, rather than to the cargo batten 
line, as well as between the molded lines of the decks 
and flats which form the upper and lower boundaries 
of the tank. Deductions for the structure and other 
items are then made according to the data in Section 
8.5. 

Tank capacity tables generally give the tank vol- 
umes at a series of closely spaced depths, allowing a 
curve of volume vs. depth of sounding (depth below 
surface) to be drawn, as in Fig. 44. The calculations 
are repetitive and so are adaptable to computer pro- 
gramming. The basic inputs needed are the ordinates 
from the inboard boundary out to the molded shell line 
at a series of elevations and frames. 

8.5 Deductions from Tank Volumes; Allowance for 
Expansion. Only molded tank volumes have been dis- 
cussed thus far. In all tanks there are various inter- 
nals, such as the frames of the vessel projecting into 
the tanks, longitudinals and floors in double bottoms, 
stiffeners on bulkheads and swash plates. There will 
also be various local deductions and additions which 
must be calculated separately. For the miscellaneous 
structural internals, a percent deduction is usually 
made. Typical data are given in Table 14. 

The table gives also the usual allowance for the 
expansion of petroleum products. The practical oper- 
ating capacity of an oil tank is not its total net capacity, 
but from 2 to 5 percent less, since, if the tank could 
be completely filled with cold oil, the oil would expand 
and overfiow the tank when it becomes warm. The 
tank capacity is, therefore, calculated as being 95 to 
98 percent full, depending upon the usual practice of 
the owner. Common standards are 95 percent for U.S. 
Navy practice, and 98 percent for U.S. merchant ma- 


Table 14—Typical Corrections to Calculated Tank Capacities 


Type of Allowance Directly Calculated Average Percent 
ank For Expansion Deductions Additions Deductions 
Fuel Oil 2to 3 percent Pockets, sea High coaming Double bottom 
U.S. Navy chests, bulk- hatches, ex- tank without 
uses 5 percent head corruga- pansion heating coils, 
tions, heating trunks 2-1/4 to 2-1/2 
coils, structure percent of 
in tank molded capacity; 
add 1/4 percent 
if with heating 
coils 
Fresh water; | None Trunks, pockets, High coaming Double bottom 
salt water sea chests, bulk- hatches tank, 2-1/4 to 
ballast head corruga- 2-1/2 percent of 
tions, structure molded capacity 
in tank 
Cargo oil 2 percent Trunks, pockets, High coaming 1 percent of 
bulkhead corru- _ hatches, ex- molded capacity 
gations, cargo pansion 
oil piping, heat- _—‘ trunks 


ing coils, struc- 
ture in tank* 


* Special considerations may require separate calculations for various levels in tank. 
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(a) 


DEVELOPED SHAPE 
OF SOUNDING 


Fig. 45 Sounding tube geometry 


rine practice. But more than one percentage is some- 
times used on capacity plans. The actual values should, 
of course, always be stated. 

8.6 Capacity Curve and Centroid. The vertical 
height to the centroid of the contents of any space 
above the bottom of the space may be readily found 
provided there is available a capacity curve extending 
vertically from the bottom of the space. This allows 
use of the method for VCB of Sec. 5.9. 

In Fig. 44 the height of the centroid above the base- 
line of the curve is obtained by taking the area to any 
level between the capacity curve and its horizontal 
base line, divided by the area of the circumscribing 
rectangle to that level, and multiplying the result by 


the height from the base line of the curve to that level. 
The areas may be found by planimeter, or by numerical 
integration. 

8.7. Soundings and Sounding Tables. When the 
amount of liquid in a tank is determined by lowering 
a rod or weighted tape measure through a sounding 
tube, or by any device which otherwise senses the level 
of the liquid free surface along a line extending into 
the tank, the sounding is interpreted by use of a table 
or curve of net tank volume vs. depth, as noted in 
Section 8.4 and shown in Fig. 44. 

It frequently happens that only certain locations are 
feasible for the upper end of a sounding tube and that 
a straight vertical pipe from that location will not reach 


Table 15—-Weights and Conversion Factors 


Quantity Water Oil 
aa nee 
Salt Fresh Fuel Diesel Lube Gasoline DFM* 

ge eT, 
mi? per t (a) 0.975 1.000 1.059 1.156 1.198 1.393 1.199 — 1.178 
Barrels per t (b) 6.139 6.296 6.663 7.277 7.541 8.768 7.548 — 7.417 
Gallons per t (c) 261.8 268.5 279.6 305.4 316.4 367.9 316.8 — 311.2 

Cubic feet per Long Ton (d) 35 35.9 88 41.5 43 50 43 — 42.3 
Pounds per cubic foot 64 62.4 58.95 538.98 52.09 44.80 52.04 — 59.97 
Barrels per Long Ton 6.24 6.40 6.768 7.391 7.658 8.905 7.673 — 7.538 
Pounds per gallon 8.556 8.342 7,881 7.216 6.964 5.989 6.958 — 7.082 


* Diesel Fuel, Marine or Distillate Fuel, Marine—U. S. Navy multi-use fuel. 
(a) 1 tonne = 1000 kg; weight of 1 metric ton = 2204 pounds = It. 


(b) 1 barrel = 5.61 cubic feet. 
(c) 1 cubic foot = 7.48 gallons. 
(d) 1 Long Ton = 2240 pounds. 
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Table 16—Stowage Factors, m® per metric ton 


Item Packing m?/t 
Apples Boxes 2.23 
Autos Assembled and 

Unerated 7.52 
Barbed Wire Rolls 1.53 
Bauxite Bulk 1.07 
Beans Bags 1.67 
Beer Bottled in Cases 2.23 
Butter Cases 1.67 
Canned Goods Cases 1.34 
Carpets Bales 3.90 
Cement Bags 0.97 
Cement Bulk 0.72 
Cheese Crates 1.81 
Citrus Fruits Boxes 2.62 
Coal, Average Bulk 1.32 
Cocoanuts Bulk 3.90 
Coffee Bags 1.62 
Condensed Milk Cases of Cans 1.23 
Copper Ore Bulk 0.47 
Copra pee 2.09 to 2.37 
Corn Bu 1.41 
Cotton Bales, Average 1.45 
Currants Crates 1.81 
Dried Fruit Boxes 1.25 
Dry-Goods Boxes 2.79 
Fish Barrels, Iced 1.39 
Flour ags 1.34 
Furniture Crated 4.35 
Glass Crated 3.62 
Gypsum Bags 1,24 
Hardware Boxes 1.39 
Hides Bales, Compressed 2.23 
Iron Ore ulk 0.30 to 0.53 
Iron Ore Pellets Bulk 0.25 to 0.53 
Iron, Pig Neat Stowage 0.28 
Jute Bales 1.84 


the lowest part of the tank. In such cases, it is usual 
to make the tube sloping and sometimes curved with 
a large radius. If the tube is sloping or curved, 1 m 
measured along the tube will not indicate a difference 
in level of 1 m vertically. In making a sounding table 
for such a tank, it is, therefore, necessary to allow for 
this difference. This is done as illustrated in Fig. 45(a). 
The sounding-tube installation is checked on the ship, 
as the drawing is usually only diagrammatic. The line 
of the tube as actually fitted is laid out on the same 
graph paper as the capacity curve. Any slope or curve 
in the line of the tube is developed into the plane of 
the graph paper so that the true shape and length of 
the tube are shown in the plane of the capacity curve, 
as illustrated in Fig. 45(b). Even by sloping or curving 
the sounding tube, it is not always possible to reach 
the very bottom of the tank. Consequently, the zero 
sounding as given in the sounding table often shows 
a considerable number of metric tons or barrels or 
liters in the tank. 

In cases where it may be permissible for tanks to 
hold alternatively fuel oil or ballast, there should be 
capacity tables in metric tons of salt water and metric 
tons, barrels and liters of oil. Table 15 provides con- 


Item Packing m?/t 
Lead, Pig Neat Stowage 0.22 
Lard oxes 1.25 
Machinery Crated 1.39 
Meat Cold Storage 2.65 
Molasses Bulk 0.74 
Newspaper Bales 3.34 
Nitrate Bags 0.72 
Oil Drums 1.25 
Oranges Boxes 2.17 
Oysters Barrels 1.67 
Paint Cans 1.00 
Palm Oil Bulk 1.09 
Paper Rolls 2.51 
Potatoes Bags 1.67 
Poultry Boxes 2.65 
Railroad Rails Neat Stowage 0.42 
Rice Bags 1.62 
Rope Coils 2.51 
Rubber Bundles 3.90 
Rye Bulk 1.62 
Salt Bulk 1.03 
Silk Bales 3.06 
Steel Bolts Kegs 0.58 
Steel Sheets Crated 0.42 
Sugar Bags 1.31 
Tar Barrels 1.50 
Tea ases 2.79 
Tile Boxes 1.39 
Timber Oak 1.09 
Timber Fir 1.81 
Tung Oil Bulk 1.07 
Turpentine Drums 1.59 
Wheat Bulk 1.31 
Wheat Bags 1.45 
Whiskey Cases 1.74 
Woodchips Bulk 3.07 


versions for the various liquids and systems of mea- 
surement. 

8.8 Effects of Heel and Trim. In the event a ship 
experiences heel or trim, the shift of free surface of 
the liquid in a tank in order to remain horizontal takes 
place in such a way that the location of the centroid 
of free surface area remains fixed with respect to the 
tank. Thus, a sounding rod experiences no change in 
reading due to heel and trim only if it passes through 
the centroid of the tank horizontal cross section. In- 
asmuch as physical constraints generally lead to a 
sounding tube location removed from the line of cen- 
troids, a trim and/or heel correction in tank sounding 
reading is generally called for. 

It may be shown that the correction, in tank volume 
for trim is, in any consistent units, 


(52) 


ty] 


where A is tank horizontal cross section area, d is 

longitudinal distance from centroid to sounding tube, 

t is trim and L is ship length between draft marks. 
The correction is minus if ship trims by the stern 
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(and sounding tube is abaft centroid), in which case 
the correction must be deducted from the tank volume. 
The correction in volume for heel is, 
A.-d.-tand, (53) 
where d is distance of sounding tube to port or star- 
board of tank centroid and ¢ is angle of heel. The 
correction is minus if ship heels to starboard and the 
sounding tube is to starboard of the centroid. 

In order to accomplish these corrections completely, 
the location both of the sounding tube and of the tank 
free surface centroid must be known at all elevations. 

8.9 Ullage. The traditional way of determining 
the amount of liquid in the tank of a tank vessel is to 
lower a weighted chain with a scale on it until it 
touches the surface of the liquid and so measure the 
distance from the top of hatch to the free surface. This 
is called ullage, and the associated tables are called 
ullage tables. Capacities should be given in barrels or 


Table 17—-Weight Allowances for Stores and Water 


Kg per pexen per 
ay 


Item Passengers Crew 
Fresh water, moderate ships 40 20 
Fresh water, luxury ships 100 45 
Stores 10 5 
Provisions 4.5 4.5 


Baggage for a long voyage may amount to an average of 
0.1 t per passenger and on luxury ships to as much as 0.17 
t per passenger. For tourist class passengers, it may be as 
little as 0.07 t per passenger. For short voyages and excur- 
sions it will average about 0.08 t per passenger. 


Table 18—Fuel Oil Consumption in Port, metric tons per 
day 


Type of Propelling 


Machinery Steam Turbine Diesel 
Source of Auxiliary 
Power Steam Diesel 
Minimum Fuel Con- 3.5 2 
sumption 
Add for each 100 t of 0.8 0.5 
cargo moved 
Add for each 100 “tons” 1.2 0.9 
of refrigeration 
Add for each 100 persons 0.6 0.4 
complement 


For a steam tanker with steam-turbine driven cargo pumps 
about 0.5 t of fuel will be required for each 1000 t of cargo 
oil pumped. If cargo pumps are diesel-driven, about 0.3 t of 
fuel will be required. Direct calculations using specific fuel 
ae of pump prime mover are recommended for precise 
values. 


cubic meters, and weights in metric tons. Ullage tables 
differ from tables of tank capacity, in that tank ca- 
pacities are given for varying depths of the liquid in 
the tank or soundings, while ullage tables give the 
tank capacity for differing amounts of ullage, or dis- 
tance from top of tank to liquid surface. 

Ships with inert gas systems to protect against ex- 
plosion should have sealed and remotely operated 
means of reading liquid levels, inasmuch as the at- 
mosphere within the tank is normally at a slight 
positive pressure. 

8.10 Cargo Stowage Factors. The average specific 
volume or stowage factor of the. cargo to be carried 
may exert a strong effect on the design of a ship. Low 
stowage factor cargoes, such as ores and finished steel, 
lead to ships which are weight limited, and tend to 
have large fullness to obtain a large displacement on 
fixed dimensions, and have low freeboard. High stow- 
age factor cargoes, such as crated furniture, auto- 
mobiles and containers tend to result in volume limited 
ships with high freeboard and relatively low fullness, 
in order to achieve adequate propeller immersion and 
draft on fixed dimensions. The volume requirements 
of containerized cargo are met on many containerships 
by carrying some of the containers on deck in several 
tiers, thereby providing the capability to carry enough 
cargo to reach design displacement when fully loaded. 

Table 16 shows approximate stowage factors for a 
number of typical kinds of cargo. Thomas (1957) gives 
stowage factors for a wide variety of commodities. 

8.11 Consumables. This term includes fuel oil, lu- 
bricating oil, fresh water for culinary and drinking 
purposes, fresh water for washing purposes, fresh 
water for boiler feed, and stores that are expended on 
the voyage, such as supplies and food provisions of all 
kinds. The capacity required for consumables depends 
upon the main propulsion power, the length of the 
voyage, the number of passengers and crew, and the 
quality of the accommodations provided. Owners usu- 
ally have definite ideas as to the amount of provisions, 
stores and fresh water necessary for their service. 
When better information is not available, Table 17 
gives reasonable assumptions for approximate weight 
per day per passenger and member of crew for stores, 
and liters of fresh water consumed per day per person. 

Fresh water capacity will be dependent upon 
whether water is to be obtained ashore and carried for 
the length of the voyage, or the ship’s distilling plant 
can meet all requirements at sea. In the latter case, 
requisite capacity for fresh water will be much 
reduced. 

Many ships provide separate tankage for potable 
water, distilled water, and boiler feed water (if steam 
propelled). A survey of post World War II designs 
shows average fresh water tank capacities of 1.7 met- 
ric tons per person for potable water, and 0.0032 and 
0.007 metric tons per shaft horsepower of propulsion 
machinery (maximum rating) for distilled water and 
boiler feed water, respectively. 
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Table 19— Sewage Flow Rates for Calculating Capacity of Marine Sanitation Devices 
for Passenger Ships 


Flow Rates (Liters per Person Per Day) 


Type of 
Vessel Fea ee eS Gray 
Service Full Flush educed Flush Water 
iene Crew 110-170 11-57 114 
(1) Passengers 110-170 11-57 114 
al Crew 110-170 11-57 114 
(2) Passengers 88-57 4-19 57 
Toe Crew 57-87 5.7-28 57 
(8) cute Passengers 28-38 2.8-14 5.5 
Notes: 


(1) 24-hour day for crew; passengers sleep aboard 
(2) 24-hour day for crew; passengers aboard for about a four-hour trip 
(3) 24-hour day for crew; passengers aboard for about two hours, six trips per day. 


8.12 Fuel and Ballast Requirements. The necessary 
capacity of fuel oil tanks is a matter for specific esti- 
mating for the particular machinery installation. Ap- 
proximate curves are given in Ship Design and 
Construction (Taggart, 1980) whereby the fuel rate 
in kg per SHP per hr may be estimated in the prelim- 
inary design phase, once one has a reliable estimate 
of the shaft horsepower to be installed, and the type 
of machinery to be used. If the desired endurance, or 
the distance the loaded ship can travel at rated 
horsepower without refueling is known, the weight of 
fuel needed may be calculated. Hence, after allowing 
some margin, the needed fuel oil tank capacity can be 
calculated for any assumed density of the oil. 

In addition to the fuel burned while underway, some 
fuel will be required to maintain ship services while 
in port, such as electricity for lighting, power for cargo 
winches or pumps, ventilation and sanitary system, 
steam for heating accommodations, steam for cargo 
oil heating etc. Tankage for the fuel and space for the 
dry stores consumed while in port must be provided 
when determining the overall capacities for the ship. 
Fresh water requirements will be about the same as 
when at sea for the same number of people. Table 18 
may be used as a guide in estimating the additional 
tank capacity for fuel for port services. 

The required capacity of ballast tanks will be de- 
pendent upon trim and stability considerations, as dis- 
cussed in Chapters II and III. 

8.13 Service Requirements. The foregoing sections 
have discussed specific and predictable consumables, 
which will be required by the service contemplated. 
However, changing conditions often lead to a ship 
being utilized for a service other than that originally 
envisioned. Limited capacities—for example, the size 
of fuel oil tanks—may restrict such a reassignment. 


For this reason, and because of possible voyage delays 
caused by adverse weather and port congestion, gen- 
erous margins are usually allowed in establishing 
capacities. 

Additional tankage called for by present-day U.S. 
operating procedures are an oily residue or slop tank 
for contaminated bilge water (Code of Federal Reg- 
ulations), and the requirement that tank vessels have 
slop tanks for contaminated ballast and tank washings; 
Le., one tank of 2 percent of total cargo tank capacity 
for vessels under 70,000 DWT, and 2 tanks of 2 percent 
capacity if 70,000 DWT or over. All new tankers must 
have a segregated ballast system except product tank- 
ers of less than 30,000 DWT (See Coast Guard, 1981). 

As a further anti-pollution measure, many ships are 
now fitted with sewage holding tanks, which are 
pumped out at sea, or pumped ashore to treatment 
plants when in port. As a guide in selecting tank ca- 
pacities, the fresh water daily consumption in Table 
18 may be used to estimate gray water. Flushing water 
(black water) may range between 11 and 170 liters per 
person per day, depending upon whether reduced flow 
or full flow flush facilities are fitted. Suggested water 
requirements are also partly dependent on length of 
voyage. Table 19 (from Canadian Dept. of Environ- 
ment, 1976) may be used as a guide in selecting holding 
tank size. A detailed estimate is needed to determine 
design values for a specific ship. Tank capacity re- 
quirements for a large passenger ship with a pro- 
longed retention period can be substantial. 
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CHAPTER Il 


Intact Stability 


Section ] 
Elementary Principles 


1.1 Gravitational Stability. Not only must the de- 
signer provide adequate buoyancy to give support for 
the ship and its contents, as discussed in Chapter I, 
but it must be assured that it will float in the proper 
attitude, or trim, and remain upright when loaded with 
passengers and cargo. This involves the problems of 
gravitational stability and trim, which will be discussed 
in detail in this chapter, primarily with reference to 
static conditions in calm water. Consideration will also 
be given to criteria for judging the adequacy of a ship’s 
stability, considering both internal loading and exter- 
nal hazards. (See Section 7). 

It is important to recognize, however, that a ship in 
its natural sea environment is subject to dynamic 
forces resulting from accelerations caused primarily 
by wave action. These are treated separately in Chap- 
ter VII, Motions in Waves. Nevertheless, it is possible 
to consider some dynamic effects, such as the forces 
related to wind and high-speed turning, while dealing 
with static stability, for these forces can be treated as 
static rather than dynamic forces. 

Another external hazard affecting a ship’s stability 
is that of damage to the hull by collision, grounding 
or other accident that results in flow of water into the 
hull. The stability and trim of the damaged ship will 
be considered in Chapter III, Subdivision and Damage 
Stability. 

(a) Equilibrium. In general, a rigid body is con- 
sidered to be in a state of equilibrium when the re- 
sultants of all forces and moments acting on the body 
are zero. In dealing with static floating body stability, 
we are interested in that state of equilibrium associ- 
ated with the floating body upright and at rest in a 
still liquid. In this case the resultant of all gravity 
forces (weights) acting downward, and the resultant 
of the buoyancy forces, acting upward on the body, 
are of equal magnitude and are applied in the same 
vertical line. 

(o) Stable equilibrium. If a floating body, initially 
at equilibrium, is disturbed by an external moment, 


there will be a change in its angular attitude. If upon 
removal of the external moment, the body returns to 
its original position, it is said to have been in stable 
equilibrium and to have positive stability. 

(c) Neutral equilibrium. If, on the other hand, a 
floating body that assumes a displaced inclination be- 
cause of an external moment remains in that displaced 
position when the external moment is removed, the 
body is said to have been in neutral equilibrium and 
has neutral stability. A floating cylindrical homoge- 
neous log would be in neutral equilibrium. 

(d) Unstable equilibrium. If a floating body, dis- 
placed from its original angular attitude by an external 
force, continues to move in the same direction after 
the force is removed, it is said to have been in unstable 
equilibrium and was initially unstable. 

A ship may be inclined in any direction. Any ineli- 
nation may be considered as made up of an inclination 
in the athwartship plane and an inclination in the lon- 
gitudinal plane. In ship calculations the athwartship 
inclination, called heel or list, and the longitudinal in- 
clination, called trim, are usually dealt with separately. 
This chapter deals with both athwartship or transverse 
stability and longitudinal stability. 

1.2 Weight and Center of Gravity. This chapter 
deals with the forces and moments acting on a ship 
afloat in calm water, which consist primarily of gravity 
forces (weights) and buoyancy forces. Therefore, equa- 
tions are usually developed using displacement weight, 
W, and component weights, w. In the “English” sys- 
tem, displacement, weights and buoyant forces are 
thus expressed in the familiar units of long tons (or 
Ib). But using SI, as explained in Chapter I, requires 
that displacement, A, be considered as mass, in metric 
tons, ¢ (or kg), where A = W/Q, and individual mass 
components are w/g. Hence, for convenience righting 
and heeling moments may be considered in mass 
units—metric ton-meters, t-m. Since a metric ton mass 
is numerically almost the same as a long ton of weight, 
results are essentially the same regardless of which 
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units are used. 

The total weight, or displacement, of a ship can be 
determined from the draft marks and Curves of Form, 
as discussed in Chapter I. The position of the center 
of gravity may be either calculated or determined ex- 
perimentally. Both methods are used when dealing 
with ships. The weight and center of gravity of a ship 
that has not yet been launched can be established only 
by a weight estimate, which is a summation of the 
estimated weights and moments of all the various 
items that make up the ship. Weight estimating is 
discussed in Section 2. 

After the ship is afloat, the weight and center of 
gravity can be accurately established by an inclining 
experiment, as described in detail in Section 9. 

To calculate the position of the center of gravity of 
any object, it is assumed to be divided into infinitesimal 
particles, the moment of each particle calculated by 
multiplying its weight by its distance from a reference 
plane, the weights and moments of all the particles 
added, and the total moment divided by the total 
weight. The result is the distance of the center of 
gravity from the reference plane. The location of the 
center of gravity of a system of weights, such as a 
ship, may be calculated by multiplying the weight of 
each component by the distance of its center of gravity 
from a reference plane, and dividing the total moment 
of the components by the total weight. The location 
of the center of gravity is completely determined when 
its distance from each of three planes has been estab- 
lished. In ship calculations, the three reference planes 
generally used are a horizontal plane through the base- 
line, for the vertical location of the center of gravity 
(VCG), a vertical transverse plane either through amid- 
ships or through the forward perpendicular for the 
longitudinal location (LCG), and a vertical plane 
through the centerline for the transverse position 
(TCG). (The TCG is usually very nearly in the centerline 
plane and is often assumed to be in that plane.) 

1.3 Displacement and Center of Buoyancy. In 
Chapter I it has been shown that the force of buoyancy 
is equal to the weight of the displaced liquid, and that 
the resultant of this force acts vertically upward 
through a point called the center of buoyancy, which 
is the center of gravity of the displaced liquid. 

Application of these principles to a ship or submarine 
makes it possible to evaluate the effect of the hydro- 
static pressure acting on the hull and appendages by 
determining the volume of the ship below the waterline 
and the centroid of this volume. The submerged vol- 
ume, when converted to weight or mass of displaced 
liquid, is called the displacement, W or A, respectively. 

1.4 Interaction of Weight and Buoyancy. The at- 
titude of a floating object is determined by the inter- 
action of the forces of weight and buoyancy. If no 
other forces are acting, it will settle until the force of 
buoyancy equals the weight, and will rotate until two 
conditions are satisfied: 


(a) 


Fig. 1 Stable equilibrium of floating body 

(a) The centers of buoyancy B and gravity G are in 
the same vertical line, as in Fig. 1(a), and 

(b) Any slight rotation from this position, as from 
WL to W|L, in Fig. 1(b) will cause the equal forces of 
weight and buoyancy to generate a couple tending to 
move the object back to float on WL (stable equilib- 
rium). 

For every object, with the exception noted later, at 
least one position must exist for which these conditions 
are satisfied, since otherwise the object would continue 
to rotate indefinitely. There may be several such po- 
sitions. The center of gravity may be either above or 
below the center of buoyancy. 

An exception to the second condition exists when 
the object is a body of revolution with its center of 
gravity exactly on the axis of revolution as illustrated 
in Figs. 2(a) and 2(b). When such an object is rotated 
to any angle, no moment is produced, since the center 
of buoyancy is always directly below the center of 
gravity. It will remain at any angle at which it is placed 
(neutral equilibrium). 

A submerged object that is clear of the bottom can 
come to rest in only one position. It will rotate until 
the center of gravity is directly below the center of 
buoyancy. If its center of gravity coincides with its 
center of buoyancy, as in the case of a solid body of 
homogeneous material, the object would remain in any 
position in which it is placed. 


Fig. 2. Neutral equilibrium of floating body 


INTACT STABILITY 65 


@.5¢m |_CENTER 
z OF GRAVITY 


le— 10cm —>| 


Fig. 3. Example of stability of watertight rectangular body 


The difference in the action of floating and sub- 
merged objects is explained by the fact that the center 
of buoyancy of the submerged object is fixed, while 
the center of buoyancy of a floating object will gen- 
erally shift when the object is rotated. 

As an example, consider a watertight body having 
a rectangular section with dimensions and center of 
gravity as illustrated in Fig. 3. Assume that it will 
float with half its volume submerged, as in Fig. 4. It 
can come to rest in either of two positions, (a) or (c), 
180° apart. In either of these positions, the centers of 
buoyancy and gravity are in the same vertical line. 
Also, as the body is inclined from (a) to (b) or from (c) 
to (d), a moment is developed which tends to rotate 
the body back to its original position, and the same 
situation would exist if it were inclined in the opposite 
direction. 

If the 20-cm (8-in.) dimension were reduced, with the 
center of gravity still on the centerline and 2.5 cm (1 
in.) below the top, a situation would be reached where 
the center of buoyancy would no longer move far 
enough to be to the right of the center of gravity as 
the body is inclined from (a) to (6). Then the body could 
come to rest only in position (c). 

As an illustration of a body in the submerged con- 
dition, assume that the weight of the body shown in 
Fig. 3 is increased so that the body is submerged, as 


(a) 


Ww | Ww 
(c) (d) 


Fig. 4 Alternate conditions of stable equilibrium for floating body 


in Fig. 5. In positions (a) and (c) the centers of buoy- 
ancy and gravity are in the same vertical line. An 
inclination from (a) in either direction would produce 
a moment tending to rotate the body away from po- 
sition (a), as illustrated in Fig. 5(b). An inclination from 
(c) would produce a moment tending to restore the 
body to position (c). Therefore, the body can come to 
rest only in position (c). 

A ship or submarine is designed to float in the up- 
right position. This fact permits the definition of two 
classes of hydrostatic moments, illustrated in Fig. 6, 
as follows: 

Righting moments. A righting moment exists at 
any angle of inclination where the forces of weight 
and buoyancy act to move the ship toward the upright 
position. 

Heeling moments. A heeling moment exists at any 
angle of inclination where the forces of weight and 
buoyancy act to move the ship away from the upright 
position. 

The center of buoyancy of a ship or a surfaced sub- 
marine moves with respect to the ship, as the ship is 
inclined, in a manner that depends upon the shape of 
the ship in the vicinity of the waterline. The center of 
buoyancy of a submerged submarine, on the contrary, 
does not move with respect to the ship, regardless of 
the inclination or the shape of the hull, since it is 
stationary at the center of gravity of the entire sub- 
merged volume. This constitutes an important differ- 
ence between floating and submerged ships. The 
moment acting on a surface ship can change from a 
righting moment to a heeling moment, or vice versa, 
as the ship is inclined, but this cannot occur on a sub- 
merged submarine unless there is a shift of the ship’s 
center of gravity. 

It can be seen from Fig. 6 that lowering of the center 
of gravity along the ship’s centerline increases stabil- 
ity. When a righting moment exists, lowering the cen- 


(c) 


Fig. 5 Single condition of stable equilibrium for submerged body 
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Fig. 6 Effect of height of center of gravity on stability 


ter of gravity along the centerline increases the 
separation of the forces of weight and buoyancy and 
increases the righting moment. When a heeling mo- 
ment exists, sufficient lowering of the center of gravity 
along the centerline would change the heeling moment 
to a righting moment. Similarly, sufficient lowering of 
the center of gravity along the centerline could change 
the initial stability in the upright position from nega- 
tive to positive. 

In problems involving longitudinal stability of un- 
damaged surface ships, we are concerned primarily 
with determining the ship’s draft and trim under the 
influence of various upsetting moments, rather than 
evaluating the possibility of the ship capsizing in the 
longitudinal direction. If the longitudinal centers of 
gravity and buoyancy are not in the same vertical line, 
the ship will change trim as discussed in Section 8 and 
will come to rest as illustrated in Fig. 7, with the 


Fig. 7 Longitudinal equilibrium 


centers of gravity and buoyancy in the same vertical 
line. A small longitudinal inclination will cause the 
center of buoyancy to move so far in a fore-and-aft 
direction that the moment of weight and buoyancy 
would be many times greater than that produced by 
the same inclination in the transverse direction. The 
longitudinal] shift in B creates such a large longitudinal 
righting moment that longitudinal stability is usually 
very great compared to transverse stability. 

Thus, if the ship’s center of gravity were to rise 
along the centerline, the ship would capsize trans- 
versely long before there would be any danger of cap- 
sizing longitudinally. However, a surface ship could, 
theoretically, be made to founder by a downward ex- 
ternal force applied toward one end, at a point near 
the centerline and at a height near or below the center 
of buoyancy, without capsizing. It is unlikely, however, 
that an intact ship would encounter a force of the 
required magnitude. 

Surface ships can, and do, founder after extensive 
flooding as a result of damage at one end. The loss of 
buoyancy at the damaged end causes the center of 
buoyancy to move so far toward the opposite end of 
the ship that subsequent submergence of the damaged 
end is not adequate to move the center of buoyancy 
back to a position in line with the center of gravity, 
and the ship founders, or capsizes longitudinally. This 
is also discussed in Chapter III. 
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Fig. 8 Effect of a beam wind 


In the case of a submerged submarine, the center 
of buoyancy does not move as the submarine is inclined 
in a fore-and-aft direction. Therefore, capsizing of an 
intact submerged submarine in the longitudinal direc- 
tion is possible, and wouid require very nearly the 
same moment as would be required to capsize it trans- 
versely. If the center of gravity of a submerged sub- 
marine were to rise to a position above the center of 
buoyancy, the direction, longitudinal or transverse, in 
which it would capsize would depend upon the move- 
ment of liquids or loose objects within the ship. The 
foregoing discussion of submerged submarines does 
not take into account the stabilizing effect of the bow 
and stern planes, which have an important effect on 
longitudinal stability while the ship is underway with 
the planes operating. 

1.5 Upsetting Forces. The magnitude of the up- 
setting forces, or heeling moments, that may act on a 
ship determines the magnitude of moment that must 
be generated by the forces of weight and buoyancy in 
order to prevent capsizing or excessive heel. 

External upsetting forces affecting transverse sta- 
bility may be caused by: 

(a) Beam winds, with or without rolling. 

(o) Lifting of heavy weights over the side. 

(c) High-speed turns. 


(d) Grounding. 

(e) Strain on mooring lines. 

(M Towline pull of tugs. 

Internal upsetting forces include: 

(g) Shifting of on-board weights athwartship. 

(h) Entrapped water on deck. 

Section 7 of this chapter discusses evaluation of sta- 
bility with regard to the upsetting forces listed above. 
The discussion below is general in nature and illus- 
trates the stability principles involved when a ship is 
subjected to upsetting forces. 

When a ship is exposed to a beam wind, the wind 
pressure acts on the portion of the ship above the 
waterline, and the resistance of the water to the ship’s 
lateral motion exerts a force on the opposite side below 
the waterline. The situation is illustrated in Fig. 8. 
Equilibrium with respect to angle of heel will be 
reached when: 

(a) The ship is moving to leeward with a speed such 
that the water resistance equals the wind pressure, 
and 

(b) The ship has heeled to an angle such that the 
moment produced by the forces of weight and buoy- 
ancy equals the moment developed by the wind pres- 
sure and the water pressure. 

As the ship heels from the vertical, the wind pres- 
sure, water pressure, and their vertical separation re- 
main substantially constant. The ship’s weight is 
constant and acts at a fixed point. The force of buoy- 
ancy also is constant, but the point at which it acts 
varies with the angle of heel. Equilibrium will be 
reached when sufficient horizontal separation of the 
centers of gravity and buoyancy has been produced to 
cause a balance between heeling and righting mo- 
ments. 

When a weight if lifted over the side, as illustated 
in Fig. 9, the force exerted by the weight acts through 
the outboard end of the boom, regardless of the angle 
of heel or the height to which the load has been lifted. 
Therefore, the weight of the sidelift may be considered 
to be added to the ship at the end of the boom. If the 
ship’s center of gravity is initially on the ship’s cen- 


Fig. 9 Lifting a weight overside 


Fig. 10 Effect of offside weight 
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terline, as at G in Fig. 9, the center of gravity of the 
combined weight of the ship and the sidelift will be 
located along the line GA, and will move to a final 
position, G,, when the load has been lifted clear of the 
pier. Point G, will be off the ship’s centerline and some- 
what higher than G. The ship will heel until the center 
of buoyancy has moved off the ship’s centerline to a 
position directly below point G,. 

Movement of weights already aboard the ship, such 
as passengers, liquids or cargo, will cause the ship’s 
center of gravity to move. If a weight is moved from 
A to Bin Fig. 10, the ship’s center of gravity will move 
from G to G, in a direction parallel to the direction of 
movement of the shifted weight. The ship will heel 
until the center of buoyancy is directly below point G,. 

When a ship is executing a turn, a centrifugal force 
is generated, which acts horizontally through the 
ship’s center of gravity. This force is balanced by a 
horizontal water pressure on the side of the ship, as 
illustrated in Fig. 11(a). Except for the point of appli- 
cation of the heeling force, the situation is similar to 
that in which the ship is acted upon by a beam wind, 
and the ship will heel until the moment of the ship’s 
weight and buoyancy equals that of the centrifugal 
force and water pressure. 
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If a ship runs aground in such a manner that the 
bottom offers little restraint to heeling, as illustrated 
in Fig. 11(b), the reaction of the bottom may produce 
a heeling moment. As the ship grounds, part of the 
energy due to its forward motion may be absorbed in 
lifting the ship, in which case a reaction, FR, between 
the bottom and the ship would develop. This reaction 
may be increased later as the tide ebbs. Under these 
conditions, the force of buoyancy would be less than 
the weight of the ship, since the ship would be sup- 
ported by the combination of buoyancy and the reac- 
tion of the bottom. The ship would heel until the 
moment of buoyancy about the point of contact with 
the bottom became equal to the moment of the ship’s 
weight about the same point, when (W— R) x a 
equals W x 8. 

There are numerous other situations in which ex- 
ternal forces can produce heel. A moored ship may be 
heeled by the combination of strain on the mooring 
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Fig. 12 Effect of weight shift on transverse and longitudinal stability of a submerged submarine 
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Intact Stability 


Section ] 
Elementary Principles 


1.1 Gravitational Stability. Not only must the de- 
signer provide adequate buoyancy to give support for 
the ship and its contents, as discussed in Chapter I, 
but it must be assured that it will float in the proper 
attitude, or trim, and remain upright when loaded with 
passengers and cargo. This involves the problems of 
gravitational stability and trim, which will be discussed 
in detail in this chapter, primarily with reference to 
static conditions in calm water. Consideration will also 
be given to criteria for judging the adequacy of a ship’s 
stability, considering both internal loading and exter- 
nal hazards. (See Section 7). 

It is important to recognize, however, that a ship in 
its natural sea environment is subject to dynamic 
forces resulting from accelerations caused primarily 
by wave action. These are treated separately in Chap- 
ter VII, Motions in Waves. Nevertheless, it is possible 
to consider some dynamic effects, such as the forces 
related to wind and high-speed turning, while dealing 
with static stability, for these forces can be treated as 
static rather than dynamic forces. 

Another external hazard affecting a ship’s stability 
is that of damage to the hull by collision, grounding 
or other accident that results in flow of water into the 
hull. The stability and trim of the damaged ship will 
be considered in Chapter III, Subdivision and Damage 
Stability. 

(a) Equilibrium. In general, a rigid body is con- 
sidered to be in a state of equilibrium when the re- 
sultants of all forces and moments acting on the body 
are zero. In dealing with static floating body stability, 
we are interested in that state of equilibrium associ- 
ated with the floating body upright and at rest in a 
still liquid. In this case the resultant of all gravity 
forces (weights) acting downward, and the resultant 
of the buoyancy forces, acting upward on the body, 
are of equal magnitude and are applied in the same 
vertical line. 

(o) Stable equilibrium. If a floating body, initially 
at equilibrium, is disturbed by an external moment, 


there will be a change in its angular attitude. If upon 
removal of the external moment, the body returns to 
its original position, it is said to have been in stable 
equilibrium and to have positive stability. 

(c) Neutral equilibrium. If, on the other hand, a 
floating body that assumes a displaced inclination be- 
cause of an external moment remains in that displaced 
position when the external moment is removed, the 
body is said to have been in neutral equilibrium and 
has neutral stability. A floating cylindrical homoge- 
neous log would be in neutral equilibrium. 

(d) Unstable equilibrium. If a floating body, dis- 
placed from its original angular attitude by an external 
force, continues to move in the same direction after 
the force is removed, it is said to have been in unstable 
equilibrium and was initially unstable. 

A ship may be inclined in any direction. Any ineli- 
nation may be considered as made up of an inclination 
in the athwartship plane and an inclination in the lon- 
gitudinal plane. In ship calculations the athwartship 
inclination, called heel or list, and the longitudinal in- 
clination, called trim, are usually dealt with separately. 
This chapter deals with both athwartship or transverse 
stability and longitudinal stability. 

1.2 Weight and Center of Gravity. This chapter 
deals with the forces and moments acting on a ship 
afloat in calm water, which consist primarily of gravity 
forces (weights) and buoyancy forces. Therefore, equa- 
tions are usually developed using displacement weight, 
W, and component weights, w. In the “English” sys- 
tem, displacement, weights and buoyant forces are 
thus expressed in the familiar units of long tons (or 
Ib). But using SI, as explained in Chapter I, requires 
that displacement, A, be considered as mass, in metric 
tons, ¢ (or kg), where A = W/Q, and individual mass 
components are w/g. Hence, for convenience righting 
and heeling moments may be considered in mass 
units—metric ton-meters, t-m. Since a metric ton mass 
is numerically almost the same as a long ton of weight, 
results are essentially the same regardless of which 
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units are used. 

The total weight, or displacement, of a ship can be 
determined from the draft marks and Curves of Form, 
as discussed in Chapter I. The position of the center 
of gravity may be either calculated or determined ex- 
perimentally. Both methods are used when dealing 
with ships. The weight and center of gravity of a ship 
that has not yet been launched can be established only 
by a weight estimate, which is a summation of the 
estimated weights and moments of all the various 
items that make up the ship. Weight estimating is 
discussed in Section 2. 

After the ship is afloat, the weight and center of 
gravity can be accurately established by an inclining 
experiment, as described in detail in Section 9. 

To calculate the position of the center of gravity of 
any object, it is assumed to be divided into infinitesimal 
particles, the moment of each particle calculated by 
multiplying its weight by its distance from a reference 
plane, the weights and moments of all the particles 
added, and the total moment divided by the total 
weight. The result is the distance of the center of 
gravity from the reference plane. The location of the 
center of gravity of a system of weights, such as a 
ship, may be calculated by multiplying the weight of 
each component by the distance of its center of gravity 
from a reference plane, and dividing the total moment 
of the components by the total weight. The location 
of the center of gravity is completely determined when 
its distance from each of three planes has been estab- 
lished. In ship calculations, the three reference planes 
generally used are a horizontal plane through the base- 
line, for the vertical location of the center of gravity 
(VCG), a vertical transverse plane either through amid- 
ships or through the forward perpendicular for the 
longitudinal location (LCG), and a vertical plane 
through the centerline for the transverse position 
(TCG). (The TCG is usually very nearly in the centerline 
plane and is often assumed to be in that plane.) 

1.3 Displacement and Center of Buoyancy. In 
Chapter I it has been shown that the force of buoyancy 
is equal to the weight of the displaced liquid, and that 
the resultant of this force acts vertically upward 
through a point called the center of buoyancy, which 
is the center of gravity of the displaced liquid. 

Application of these principles to a ship or submarine 
makes it possible to evaluate the effect of the hydro- 
static pressure acting on the hull and appendages by 
determining the volume of the ship below the waterline 
and the centroid of this volume. The submerged vol- 
ume, when converted to weight or mass of displaced 
liquid, is called the displacement, W or A, respectively. 

1.4 Interaction of Weight and Buoyancy. The at- 
titude of a floating object is determined by the inter- 
action of the forces of weight and buoyancy. If no 
other forces are acting, it will settle until the force of 
buoyancy equals the weight, and will rotate until two 
conditions are satisfied: 


(a) 


Fig. 1 Stable equilibrium of floating body 

(a) The centers of buoyancy B and gravity G are in 
the same vertical line, as in Fig. 1(a), and 

(b) Any slight rotation from this position, as from 
WL to W|L, in Fig. 1(b) will cause the equal forces of 
weight and buoyancy to generate a couple tending to 
move the object back to float on WL (stable equilib- 
rium). 

For every object, with the exception noted later, at 
least one position must exist for which these conditions 
are satisfied, since otherwise the object would continue 
to rotate indefinitely. There may be several such po- 
sitions. The center of gravity may be either above or 
below the center of buoyancy. 

An exception to the second condition exists when 
the object is a body of revolution with its center of 
gravity exactly on the axis of revolution as illustrated 
in Figs. 2(a) and 2(b). When such an object is rotated 
to any angle, no moment is produced, since the center 
of buoyancy is always directly below the center of 
gravity. It will remain at any angle at which it is placed 
(neutral equilibrium). 

A submerged object that is clear of the bottom can 
come to rest in only one position. It will rotate until 
the center of gravity is directly below the center of 
buoyancy. If its center of gravity coincides with its 
center of buoyancy, as in the case of a solid body of 
homogeneous material, the object would remain in any 
position in which it is placed. 


Fig. 2. Neutral equilibrium of floating body 
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Fig. 3. Example of stability of watertight rectangular body 


The difference in the action of floating and sub- 
merged objects is explained by the fact that the center 
of buoyancy of the submerged object is fixed, while 
the center of buoyancy of a floating object will gen- 
erally shift when the object is rotated. 

As an example, consider a watertight body having 
a rectangular section with dimensions and center of 
gravity as illustrated in Fig. 3. Assume that it will 
float with half its volume submerged, as in Fig. 4. It 
can come to rest in either of two positions, (a) or (c), 
180° apart. In either of these positions, the centers of 
buoyancy and gravity are in the same vertical line. 
Also, as the body is inclined from (a) to (b) or from (c) 
to (d), a moment is developed which tends to rotate 
the body back to its original position, and the same 
situation would exist if it were inclined in the opposite 
direction. 

If the 20-cm (8-in.) dimension were reduced, with the 
center of gravity still on the centerline and 2.5 cm (1 
in.) below the top, a situation would be reached where 
the center of buoyancy would no longer move far 
enough to be to the right of the center of gravity as 
the body is inclined from (a) to (6). Then the body could 
come to rest only in position (c). 

As an illustration of a body in the submerged con- 
dition, assume that the weight of the body shown in 
Fig. 3 is increased so that the body is submerged, as 


(a) 


Ww | Ww 
(c) (d) 


Fig. 4 Alternate conditions of stable equilibrium for floating body 


in Fig. 5. In positions (a) and (c) the centers of buoy- 
ancy and gravity are in the same vertical line. An 
inclination from (a) in either direction would produce 
a moment tending to rotate the body away from po- 
sition (a), as illustrated in Fig. 5(b). An inclination from 
(c) would produce a moment tending to restore the 
body to position (c). Therefore, the body can come to 
rest only in position (c). 

A ship or submarine is designed to float in the up- 
right position. This fact permits the definition of two 
classes of hydrostatic moments, illustrated in Fig. 6, 
as follows: 

Righting moments. A righting moment exists at 
any angle of inclination where the forces of weight 
and buoyancy act to move the ship toward the upright 
position. 

Heeling moments. A heeling moment exists at any 
angle of inclination where the forces of weight and 
buoyancy act to move the ship away from the upright 
position. 

The center of buoyancy of a ship or a surfaced sub- 
marine moves with respect to the ship, as the ship is 
inclined, in a manner that depends upon the shape of 
the ship in the vicinity of the waterline. The center of 
buoyancy of a submerged submarine, on the contrary, 
does not move with respect to the ship, regardless of 
the inclination or the shape of the hull, since it is 
stationary at the center of gravity of the entire sub- 
merged volume. This constitutes an important differ- 
ence between floating and submerged ships. The 
moment acting on a surface ship can change from a 
righting moment to a heeling moment, or vice versa, 
as the ship is inclined, but this cannot occur on a sub- 
merged submarine unless there is a shift of the ship’s 
center of gravity. 

It can be seen from Fig. 6 that lowering of the center 
of gravity along the ship’s centerline increases stabil- 
ity. When a righting moment exists, lowering the cen- 


(c) 


Fig. 5 Single condition of stable equilibrium for submerged body 
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Fig. 6 Effect of height of center of gravity on stability 


ter of gravity along the centerline increases the 
separation of the forces of weight and buoyancy and 
increases the righting moment. When a heeling mo- 
ment exists, sufficient lowering of the center of gravity 
along the centerline would change the heeling moment 
to a righting moment. Similarly, sufficient lowering of 
the center of gravity along the centerline could change 
the initial stability in the upright position from nega- 
tive to positive. 

In problems involving longitudinal stability of un- 
damaged surface ships, we are concerned primarily 
with determining the ship’s draft and trim under the 
influence of various upsetting moments, rather than 
evaluating the possibility of the ship capsizing in the 
longitudinal direction. If the longitudinal centers of 
gravity and buoyancy are not in the same vertical line, 
the ship will change trim as discussed in Section 8 and 
will come to rest as illustrated in Fig. 7, with the 


Fig. 7 Longitudinal equilibrium 


centers of gravity and buoyancy in the same vertical 
line. A small longitudinal inclination will cause the 
center of buoyancy to move so far in a fore-and-aft 
direction that the moment of weight and buoyancy 
would be many times greater than that produced by 
the same inclination in the transverse direction. The 
longitudinal] shift in B creates such a large longitudinal 
righting moment that longitudinal stability is usually 
very great compared to transverse stability. 

Thus, if the ship’s center of gravity were to rise 
along the centerline, the ship would capsize trans- 
versely long before there would be any danger of cap- 
sizing longitudinally. However, a surface ship could, 
theoretically, be made to founder by a downward ex- 
ternal force applied toward one end, at a point near 
the centerline and at a height near or below the center 
of buoyancy, without capsizing. It is unlikely, however, 
that an intact ship would encounter a force of the 
required magnitude. 

Surface ships can, and do, founder after extensive 
flooding as a result of damage at one end. The loss of 
buoyancy at the damaged end causes the center of 
buoyancy to move so far toward the opposite end of 
the ship that subsequent submergence of the damaged 
end is not adequate to move the center of buoyancy 
back to a position in line with the center of gravity, 
and the ship founders, or capsizes longitudinally. This 
is also discussed in Chapter III. 
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In the case of a submerged submarine, the center 
of buoyancy does not move as the submarine is inclined 
in a fore-and-aft direction. Therefore, capsizing of an 
intact submerged submarine in the longitudinal direc- 
tion is possible, and wouid require very nearly the 
same moment as would be required to capsize it trans- 
versely. If the center of gravity of a submerged sub- 
marine were to rise to a position above the center of 
buoyancy, the direction, longitudinal or transverse, in 
which it would capsize would depend upon the move- 
ment of liquids or loose objects within the ship. The 
foregoing discussion of submerged submarines does 
not take into account the stabilizing effect of the bow 
and stern planes, which have an important effect on 
longitudinal stability while the ship is underway with 
the planes operating. 

1.5 Upsetting Forces. The magnitude of the up- 
setting forces, or heeling moments, that may act on a 
ship determines the magnitude of moment that must 
be generated by the forces of weight and buoyancy in 
order to prevent capsizing or excessive heel. 

External upsetting forces affecting transverse sta- 
bility may be caused by: 

(a) Beam winds, with or without rolling. 

(o) Lifting of heavy weights over the side. 

(c) High-speed turns. 


(d) Grounding. 

(e) Strain on mooring lines. 

(M Towline pull of tugs. 

Internal upsetting forces include: 

(g) Shifting of on-board weights athwartship. 

(h) Entrapped water on deck. 

Section 7 of this chapter discusses evaluation of sta- 
bility with regard to the upsetting forces listed above. 
The discussion below is general in nature and illus- 
trates the stability principles involved when a ship is 
subjected to upsetting forces. 

When a ship is exposed to a beam wind, the wind 
pressure acts on the portion of the ship above the 
waterline, and the resistance of the water to the ship’s 
lateral motion exerts a force on the opposite side below 
the waterline. The situation is illustrated in Fig. 8. 
Equilibrium with respect to angle of heel will be 
reached when: 

(a) The ship is moving to leeward with a speed such 
that the water resistance equals the wind pressure, 
and 

(b) The ship has heeled to an angle such that the 
moment produced by the forces of weight and buoy- 
ancy equals the moment developed by the wind pres- 
sure and the water pressure. 

As the ship heels from the vertical, the wind pres- 
sure, water pressure, and their vertical separation re- 
main substantially constant. The ship’s weight is 
constant and acts at a fixed point. The force of buoy- 
ancy also is constant, but the point at which it acts 
varies with the angle of heel. Equilibrium will be 
reached when sufficient horizontal separation of the 
centers of gravity and buoyancy has been produced to 
cause a balance between heeling and righting mo- 
ments. 

When a weight if lifted over the side, as illustated 
in Fig. 9, the force exerted by the weight acts through 
the outboard end of the boom, regardless of the angle 
of heel or the height to which the load has been lifted. 
Therefore, the weight of the sidelift may be considered 
to be added to the ship at the end of the boom. If the 
ship’s center of gravity is initially on the ship’s cen- 


Fig. 9 Lifting a weight overside 


Fig. 10 Effect of offside weight 
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Fig. 11 


(a) Effect of a turn 


terline, as at G in Fig. 9, the center of gravity of the 
combined weight of the ship and the sidelift will be 
located along the line GA, and will move to a final 
position, G,, when the load has been lifted clear of the 
pier. Point G, will be off the ship’s centerline and some- 
what higher than G. The ship will heel until the center 
of buoyancy has moved off the ship’s centerline to a 
position directly below point G,. 

Movement of weights already aboard the ship, such 
as passengers, liquids or cargo, will cause the ship’s 
center of gravity to move. If a weight is moved from 
A to Bin Fig. 10, the ship’s center of gravity will move 
from G to G, in a direction parallel to the direction of 
movement of the shifted weight. The ship will heel 
until the center of buoyancy is directly below point G,. 

When a ship is executing a turn, a centrifugal force 
is generated, which acts horizontally through the 
ship’s center of gravity. This force is balanced by a 
horizontal water pressure on the side of the ship, as 
illustrated in Fig. 11(a). Except for the point of appli- 
cation of the heeling force, the situation is similar to 
that in which the ship is acted upon by a beam wind, 
and the ship will heel until the moment of the ship’s 
weight and buoyancy equals that of the centrifugal 
force and water pressure. 


WATER SURFACE 


INITIAL. POSITION 
ZERO HEEL, NEUTRAL UPSETTING MOMENT 
BUOYANCY 


NEW EQUILIBRIUM 


a) TRANSVERSE STABILITY 


[b) Effect of grounding 


If a ship runs aground in such a manner that the 
bottom offers little restraint to heeling, as illustrated 
in Fig. 11(b), the reaction of the bottom may produce 
a heeling moment. As the ship grounds, part of the 
energy due to its forward motion may be absorbed in 
lifting the ship, in which case a reaction, FR, between 
the bottom and the ship would develop. This reaction 
may be increased later as the tide ebbs. Under these 
conditions, the force of buoyancy would be less than 
the weight of the ship, since the ship would be sup- 
ported by the combination of buoyancy and the reac- 
tion of the bottom. The ship would heel until the 
moment of buoyancy about the point of contact with 
the bottom became equal to the moment of the ship’s 
weight about the same point, when (W— R) x a 
equals W x 8. 

There are numerous other situations in which ex- 
ternal forces can produce heel. A moored ship may be 
heeled by the combination of strain on the mooring 


WATER SURFACE 


INITIAL ZERO TRIM POSITION 
NEUTRAL BUOYANCY 


NEW EQUILIBRIUM POSITION 
b) LONGITUDINAL STABILITY 


Fig. 12 Effect of weight shift on transverse and longitudinal stability of a submerged submarine 
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lines and pressure produced by wind or current. Tow- 
line strain may produce heeling moments in either the 
towed or towing ship. In each case, equilibrium would 
be reached when the center of buoyancy has moved 
to a point where heeling and righting moments are 
balanced. 

In any of the foregoing examples, it is quite possible 
that equilibrium would not be reached before the ship 
capsized. It is also possible that equilibrium would not 
be reached until the angle of heel became so large that 
water would be shipped through topside openings, and 
that the weight of this water, running to the low side 
of the ship, would contribute to capsizing which other- 
wise would not have occurred. 

Upsetting forces act to incline a ship in the longi- 
tudinal as well as the transverse direction. Since a 
surface ship is much stiffer, however, in the longitu- 
dinal direction, many forces, such as wind pressure or 
towline strain would not have any significant effect in 
inclining the ship longitudinally. Shifting of weights 
aboard in a longitudinal direction can cause large 
changes in the attitude of the ship because the weights 
can be moved much farther than in the transverse 
direction. When very heavy lifts are to be attempted, 
as in salvage work, they are usually made over the 
bow or stern, rather than over the side, and large 
longitudinal inclinations may be involved in these op- 
erations. Stranding at the bow or stern can produce 
substantial changes in trim. In each case, the principles 
are the same as previously discussed for transverse 
inclinations. When a weight is shifted longitudinally, 
or lifted over the bow or stern, the center of gravity 
of the ship will move, and the ship will trim until the 
center of buoyancy is directly below the new position 
of the center of gravity. If a ship is grounded at the 
bow or stern, it will assume an attitude such that the 
moments of weight and buoyancy about the point of 
contact are equal. 

In the case of a submerged submarine, the center 
of buoyancy is fixed, and a given upsetting moment 
produces very nearly the same inclination in the lon- 
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gitidunal direction as it does in the transverse direc- 
tion. (Fig. 12) The only difference, which is trivial, is 
due to the effect of liquids aboard which may move to 
a different extent in the two directions. A submerged 
submarine, however, is comparatively free from large 
upsetting forces. Shifting of the center of gravity as 
the result of weight changes is carefully avoided. For 
example, when a torpedo is fired, its weight is imme- 
diately replaced by an equal weight of water at the 
same location. 

1.6 Submerged Equilibrium. Before a submarine is 
submerged, considerable effort has been expended, 
both in design and operation, to ensure that: 

(a) The weight of the submarine, with its loads and 
ballast, will be very nearly equal to the weight of the 
water it will displace when submerged. 

(b) The center of gravity of these weights will be 
very nearly in the same logitudinal position as the 
center of buoyancy of the submerged submarine. 

(c) The center of gravity of these weights will be 
lower than the center of buoyancy of the submerged 
submarine. 

These precautions produce favorable conditions 
which are described, respectively, as neutral buoy- 
ancy, zero trim, and positive stability. A submarine 
on the surface, with weights adjusted so that the first 
two conditions will be satisfied upon filling the main 
ballast tanks, is said to be in diving trim. 

The effect of this situation is that the submarine, 
insofar as transverse and longitudinal stability are con- 
cerned, acts in the same manner as a pendulum. This 
imaginary pendulum is supported at the center of 
buoyancy, has a length equal to the separation of the 
centers of buoyancy and gravity, and a weight equal 
to the weight of the submarine. 

It is not practical to achieve an exact balance of 
weight and buoyancy, or to bring the center of gravity 
precisely to the same longitudinal position as the cen- 
ter of buoyancy. It is also not necessary, since minor 
deviations can be counteracted by the effect of the bow 
and stern planes when underway submerged. 


Section 2 
The Weight Estimate 


2.1 Weight and Location of Center of Gravity. It 
is important that the weight and the location of the 
center of gravity be estimated at an early stage in the 
design of a ship. The weight and height of the center 
of gravity are major factors in determining the ade- 
quacy of the ship’s stability. The weight and longitu- 
dinal position of the center of gravity determine the 
drafts at which the ship will float. The distance of the 
center of gravity from the ship’s centerline plane de- 


termines whether the ship will have an unacceptable 
list. It will be clear that this calculation of weight and 
center of gravity, although laborious and tedious, is 
one of the most important steps in the successful de- 
sign of ships. 

During the early stages of design, the weight and 
the height of center of gravity for the ship in light 
condition are estimated by comparison with ships of 
similar type or from coefficients derived from existing 
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Table 1—Typical Summaries of Light Ship Weights and Centers (Computed) 


Dry Cargo Ship 


Weight‘ VCG 
t m 
Steel 4968 8.0 
Outfit 2099 13.8 
Machinery 1004 _6.0 
8071 9.3 
Weight Margin*® 511 
KG Margin* _0.5 
Total w/o Ballast 8582 9. 
Fixed Ballast _ _— 
Total 8582 9.8 
Notes: 


1. 
centers and moments are not included. 
. LCG measured from F.P. 


— CODD 


. “Weight” is mass in S.I. units. 


ships. At later stages of design detailed estimates of 
weights and centers of gravity are required. It is often 
necessary to modify ship dimensions or the distribution 
of weights to achieve the desired optimum combination 
of a ship’s drafts, trim and stabiilty, as well as to meet 
other design requirements such as motions in waves 
and powering. A summary of only the three major 
components of light ship weights for two typical ships 
is given in Table 1. 

2.2 Detailed Estimates of Weights and Position of 
Center of Gravity. The reader is referred to Chapter 
1, by R. K. Kiss, of Ship Design and Construction 
(Taggart, 1980)’ for a detailed discussion of the meth- 
odology of weight estimating for each design stage, 
starting with concept design and ending with detail 
design. 

Ordinarily in design the horizontal plane of refer- 
ence is taken through the molded baseline of the ship, 
which is described in Chapter I. The height of the 
center of gravity above this base is referred to as KG 
and its position as VCG (vertical center of gravity). 
Sometimes, after a ship’s completion, the reference 
plane is taken through the bottom of the keel. 

The plane of reference for the longitudinal position 
of the center of gravity may be the transverse plane 
at the midship section, which is midway between the 
forward and after perpendiculars. In this case the lon- 
gitudinal position of the center of gravity, called the 
LCG (longitudinal center of gravity), is measured for- 
ward or abaft the midship section. This practice in- 
volves the possibility of inadvertently applying the 
measurements aft instead of forward, or vice versa, 
and a more desirable plane of reference is one through 
the forward perpendicular. 

The plane of reference for the transverse position 


* Complete references are listed at end of chapter. 


Containership 
LCG Weight’ VCG LCG 
m t m m 
82.2 4557 9.0 94.6 
81.5 1739 13.9 94.3 
96.4 827 _9.0 151.5 
83.8 7123 
76 
+ 1.0 0.1 
84.8 7199 
3329 2.8 80.9 
84.8 10,528 7.9 94.6 


Commercial ships are assumed to be transversely symmetrical, and therefore transverse 


. Margins adjusted to agree with inclining experiment results. 


of the center of gravity is the vertical centerline plane 
of the ship, the transverse position of the center of 
gravity being measured to port or starboard of this 
plane. 

In weight estimates it is essential that an orderly 
and systematic classification of weights be followed. 
Two such classifications are in general use in this coun- 
try, that of the U.S. Maritime Administration (MarAd, 
1962), and that of the U.S. Navy (NAVSEA, 1978). 
Both of these use the three broad classifications of 
hull steel, outfit, and propelling machinery. A detailed 
description of either classification may be obtained 
from the respective organizations. Some design offices 
may use systems differing in detail from either of 
these, but the general classification will be similar. 

2.3. Weight and Center of Gravity Margins. The 
weight estimate will of necessity contain many ap- 
proximations and, it may be presumed, some errors. 
The errors will generally be errors of omission. The 
steel as received from the mills is usually heavier, 
within the mill tolerance, than the ordered nominal 
weight. It is impossible, in the design stages, to cal- 
culate in accurate detail the weight of many groups, 
such as piping, wiring, auxiliary machinery, and many 
others. 

For these and similar reasons, it is essential that 
margins for error be included in the weight estimate. 
The amount of these margins is derived from the ex- 
perience of the estimator, and varies with the accuracy 
and extent of the available information. 

Table 2 is a composite of the usual practice of several 
design offices, which is acceptable to the Maritime Ad- 
ministration. In each instance, the smaller values apply 
to conventional ships that do not involve unusual fea- 
tures and for which there is a reliable basis for the 
estimate. If the estimate is reviewed by several inde- 
pendent interested agencies, there is less chance of 
substantial error and smaller margins are in order. 
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Table 2— Margins 


Margin of weight (in percent of light-ship weight) 


Cargo: SHIPS... ciseeosssagos ane seeds someebiic dione 1.5 to 2.5 
TAankeTs .c¢scctavaccd send seesoues oa bees nie = ooo 1.5 to 2.5 
oe passenger Ships.................eeee eens 2.0 to 3.0 
ae passenger liners ..............0ccee cence 2.5 to 3.5 
] naval vessels .............c cece eee e eee eee 6.0 to 7.0 
pin naval vessels...........c.csceeeeseeeeeeee 3.5 to 7.0 
Margin in VCG Meters 
oad O SNIPS sns.cs vaveeeeseasiaesiaeeeaedoveaieen 0.15-0.28 
OPS see cee teeenaser sabia echuldes eued cies 0.15 
ees passenger ShipsS............c ccc cee wees 0.15-0.23 
cen e passenger liners .............0.e see e nena 0.23-0.30 
ast NAVA) VeESsElS 5.0.00. cavceneedeensesegiedins es 0.15-0.28 
ee naval vessels.............cceeeeee eee eees 0.15-0.23 


The larger values apply to vessels with unusual fea- 
tures or in which there is considerable uncertainty as 
to the ultimate development of the design. 

The amount of margin will also depend on the seri- 
ousness of mis-estimating weight or center of gravity. 
For example, until the advent of the double bottom 
for tankers there was no real need for any margin at 
all in the VCG of a conventional tanker, because such 
ships generally have considerably more stability than 
is needed. On the other hand, if there were a substan- 
tial penalty in the contract for overweight or for a high 
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VCG, a correspondingly substantial margin in the es- 
timate would be indicated. 

The above margins apply to estimates made in the 
contract-design stage, where the calculations are 
based primarily on a midship section, arrangement 
drawings, and the specifications. In a final, detailed 
Jinished-weight calculation, made mostly from work- 
ing drawings, a much smaller margin, of 1 or 2 percent, 
or even, if extremely detailed information is available, 
no margin at all may be appropriate. 

For more detailed information on U.S. Navy practice 
with regard to margin, the reader is referred to Weight 
Control of Naval Ships (NAVSEA, 1978). 

Monitoring of weights (including load items) and the 
coordinates of the center of gravity is continued during 
ship construction, in order to ensure that all applicable 
weight and stability requirements will be satisfied in 
the completed ship. 

2.4 Variation in Displacement and Position of Center 
of Gravity With Loading of Ship. The total weight 
(displacement) and position of the center of gravity of 
any ship in service will depend greatly on the amount 
and location of the deadweight items discussed in 
Chapter I—cargo, fuel, fresh water, stores, etc. 
Hence, the position of the center of gravity is deter- 
mined for various operating conditions of the ship, the 
conditions depending upon the class of ship. (See Sec- 
tion 3.8). 


Section 3 
Metacentric Height 


3.1 The Transverse Metacenter and Transverse Me- 
tacentric Height. Consider a symmetric ship heeled to 
a very small angle, 5, shown, with the angle exag- 
gerated, in Fig. 13. The center of buoyancy has moved 
off the ship’s centerline as the result of the inclination, 
and the lines along which the resultants of weight and 
buoyancy act are separated by a distance, GZ, the 
righting arm. A vertical line through the center of 
buoyancy will intersect the original vertical through 
the center of buoyancy, which is in the ship’s centerline 
plane, at a point M, called the transverse metacenter, 
when 66-0. The location of this point will vary with 
the ship’s displacement and trim, but, for any given 
drafts, it will always be in the same place. 

Unless there is an abrupt change in the shape of the 
ship in the vicinity of the waterline, point M will remain 
practically stationary with respect to the ship as the 
ship is inclined to small angles, up to about 7 or, some- 
times, 10 deg. 

As can be seen from Fig. 13, if the locations of G 
and M are known, the righting arm for small angles 
of heel can be calculated readily, with sufficient ac- 


curacy for all practical purposes, by the formula 


GZ = GM sin 56 (1) 


5¢ 


Fig. 13. Maetacenter and righting arm 
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Fig. 14 Locating the transverse metacenter 


The distance GM is therefore important as an index 
of transverse stability at small angles of heel, and is 
called the transverse metacentric height. Since GZ is 
considered positive when the moment of weight and 
buoyancy tends to rotate the ship toward the upright 
position, GM is positive when M is above G, and neg- 
ative when M is below G. 
_ Metacentric Height (GM) is often used as an index 
of stability when preparation of stability curves for 
large angles (Section 4) has not been made. Its use is 
based on the assumption that adequate GM, in con- 
junction with adequate freeboard, will assure that ad- 
equate righting moments will exist at both small and 
large angles of heel. 

3.2 Location of the Transverse Metacenter. When 
a ship is inclined to a small angle, as in Fig. 14, the 
new waterline will intersect the original waterline at 
the ship’s centerline plane if the ship is wall-sided in 
the vicinity of the waterline, since the volumes of the 
two wedges between the two waterlines will then be 
equal, and there will be no change in displacement. If 
v is the volume of each wedge, V the volume of dis- 
placement, and the centers of gravity of the wedges 
are at g, and g,, the ship’s center of buoyancy will 
move: 

(a) Ina direction parallel to a line connecting g, and 


92 
(b) A distance, BB,, equal to (v-g,9.)/V. _— 
As the angle of heel approaches zero, the line 9g, g2, 
and therefore BB,, become perpendicular to the ship’s 
centerline. Also, any variation from wall-sidedness be- 
comes negligible, and we may say 


BM = BB, _ 0-919 


tan 66 V tan do 


If y is the half-breadth of the waterline at any point 
of the ship’s length at a distance x from one end, and 
if the ship’s length is designated as L, then, since the 


area of a section through the wedge is 5( y)(y tan 6d) 


and its centroid is at a distance of 2 x ey from the 
centroid of the corresponding section on the other side 


vibe = Hy) (y tan 86) (2-Zy)de 


or 


Pate 3 
ened 8 


Equation (13) of Chapter I shows that the expression 
1 (: 3 
=| y®dx 
3 0 


is the moment of inertia of a figure bounded by a curve 
and a straight line with the straight line as the axis. 
If we consider the straight line to be the ship’s cen- 
terline, then the moment of inertia of the entire wa- 
terplane about the ship’s centerline (both sides) 
designated as J;, is 


ber 2 - 3 an V-919e 
n= 5{ deme so) 
and, therefore, when 6d > 0, 
sy I, m 
BM = 2 (2) 


The calculation of the height of the transverse me- 
tacenter above the keel, usually called KM, is explained 
in Chapter 1. This distance is the sum of BM, or 
I,/V, and KB, the height of the center of buoyancy 
above the keel. The height of the center of gravity 
above the keel, KG, is found from the weight estimate 
or inclining experiment. Then, 


GM=KM- KG __ (3) 

= KB + BM — KG 
3.3. The Longitudinal Metacenter and Longitudinal 
Metacentric Height. The longitudinal metacenter is 


? This theorem was derived by the French hydrographer Pierre 
Bouguer while on an expedition to Peru to measure a degree of the 
meridian near the equator. It appeared in his Traité du Navire 
published in Paris in 1746. 
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similar to the transverse metacenter except that it 
involves longitudinal inclinations. Since ships are usu- 
ally not symmetrical forward and aft, the center of 
buoyancy at various even-keel waterlines does not al- 
ways lie in a fixed transverse plane, but may move 
forward and aft with changes in draft. For a given 
even-keel waterline, the longitudinal metacenter is de- 
fined as the intersection of a vertical line through the 
center of buoyancy in the even-keel attitude with a 
vertical line through the new position of the center of 
buoyancy after the ship has been inclined longitudi- 
nally through a small angle. 

The longitudinal metacenter, like the transverse me- 
tacenter, is substantially fixed with respect to the ship 
for moderate angles of inclination if there is no abrupt 
change in the shape of the ship in the vicinity of the 
waterline, and its distance above the ship’s center of 
gravity, or the longitudinal metacentric height, is an 
index of the ship’s resistance to changes in trim. For 
a normal surface ship, the longitudinal metacenter is 
always far above the center of gravity, and the lon- 
gitudinal metacentric height is always positive. 

3.4 Location of the Longitudinal Metacenter. 
Locating the longitudinal metacenter is similar to, but 
somewhat more complicated than locating the trans- 
verse metacenter. Since the hull form is usually not 
symmetrical in the fore-and-aft direction, the immersed 
wedge and the emerged wedge usually do not have 
the same shape. To maintain the same displacement, 
however, they must have the same volume. Fig. 15 


shows a ship inclined longitudinally from an even-keel 
waterline WL, through a small angle, 50, to waterline 
W,L,. Using the intersection of these two waterlines, 
point F, as the reference for fore-and-aft distances, 
and letting: 


L = length of waterplane 

Q = distance from F to the forward end of wa- 
terplane 

y = breadth of waterline WL at any distance 
x from F 


the volume of the forward wedge is 


Q 
v= { (y)(x tan 50)dzx 


and the volume of the after wedge is 


L-Q 
v= i (y)(x tan 50)dxr 


Equating the volumes 
Q L-Q 
tan do [ ry de = tan 56 [ xy dx 
( 0 


Q L-Q 
| ry de = [ xy dx 
0 0 


BY) 


BREADTH = y 


Fig. 15 Longitudinal metacenter 
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Equation (7) of Chapter I shows that these expressions 
are, respectively, the moment of the area of the wa- 
terplane foward of F and the moment of the area aft 
of F, both moments being about a transverse line 
through point F. Since these moments are equal and 
opposite, the moment of the entire waterplane about 
a transverse axis through F' is zero, and therefore F 
lies on the transverse axis through the centroid of the 
waterplane, called the center of flotation in Chapter 
I 


In Fig. 15 AB is a transverse vertical plane through 
the initial position of the center of buoyancy, B, when 
the ship was floating on the even-keel waterline, WL. 
With longitudinal inclination, B will move parallel to 
9:92, or as the inclination approaches zero, perpendic- 
ular to plane AB, to a point B,. The height of the 
metacenter above B will be 


BB, 0-91.92 


BM. = 286 V7 tan 80 


The distance of g,, the centroid of the after wedge, 
from F is equal to the moment of the after wedge 
about F' divided by the volume of the wedge, and a 
similar formula applies to the forward wedge. If the 
moments of the after and forward wedges are desig- 
nated as m, and mz, respectively, then the distance 


— ™m m. m, +m 
C08 ha Sea 


Uv Vv 


or 
V-91J2 = mM, + Me 


The moments of the volumes are obtained by inte- 
grating, forward and aft, the product of the section 
area at a distance x from F' and the distance z, or 


Q Q 
m, = { (y) (a tan 66)(x)dx = tan 80 | x?y dx 


1-9 
mM, = tan 80 | x’y dx 
0 


The integrals in the expressions for m, and m, cor- 
respond to equation (11) in Chapter I, which is the 
formula for the moment of inertia of an area about 
the axis corresponding to x = 0, or, in this case, a 
transverse axis through F, the centroid of the water- 
plane. Therefore, the sum of the two integrals is the 
longitudinal moment of inertia, /,, of the entire wa- 
terplane, and 


mM, + Me oo. V-9:G92 = i, tan 50 


or 
22 V-9192 
* tan 50 
Then, when &@ > 0 
Bm, = 22:99 bs 
PMs Vtan6@ V (4) 


where J, is the moment of inertia of the entire water- 
plane about a transverse axis through its centroid, or 
center of flotation. 

The details of calculating the height of the longi- 
tudinal metacenter above the keel are explained in 
Chapter I. 

3.5 Metacenter for Submerged Submarines. When 
a submarine is submerged, as noted in Section 1, the 
center of buoyancy is stationary with respect to the 
ship at any inclination. It follows that the vertical 
through the center of buoyancy in the upright position 
will intersect the vertical through the center of buoy- 
ancy in any inclined position at the center of buoyancy, 
and the center of buoyancy is, therefore, both the 
transverse and longitudinal metacenter. 

To look at the situation from a different viewpoint, 
the KM of a surfaced submarine is equal to plus 
BM, or KB plus 1/V. As the ship submerges, the wa- 
terplane disappears, and the value of J, and hence BM, 
is reduced to zero. The value of KM becomes KB plus 
zero, and B and M coincide. 

The metacentric height of a submerged submarine 
is usually called GB rather than GM. 

3.6 Effects of Trim on the Metacenter. The discus- 
sion and formulas for BM, KM and GM all assumed 
that the waterline at each station was the same, 
namely no trim existed. In cases where substantial 
trim exists, values for BM, KM and GM will be sub- 
stantially different from those calculated for the zero 
trim situation. It is important to calculate metacentric 
values for trim for many ship types. The discussion 
on computer programs for calculating cross curves 
(Section 4.15) includes the effects of trim. Chapter I in 
describing the calculation of KM also discusses the 
effects of trim. 

3.7 Applications of Metacentric Height. A conve- 
nient and frequently used concept is the moment to 
heel one degree. This is the moment of weight and 
buoyancy, or W GZ, when the ship is heeled to 1 deg, 
and is equivalent to the moment of external forces 
required to produce a 1-deg heel. Using mass units, 
for convenience with SI notation, moment = A GZ, 
and if GM sin is substituted for GZ, we have: 

(a) Moment to heel one degree = A GM sin 1 deg 

Within the range of inclinations where the metacen- 
ter is stationary, the change in the angle of heel pro- 
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duced by a given external moment can be found by 
dividing the moment by the moment to heel one degree. 

The same theory and formula apply to inclinations 
in the longitudinal direction, and we may say 

(b) Moment to trim one degree = A GM, sin 1 deg, 
where GM, is the longitudinal metacentric height. We 
are more interested, however, in the changes in draft 
produced by a longitudinal moment than in the angle 
of trim. The expression is converted to moment to 
trim one cm by substituting one cm divided by the 
length of the ship in cm for sin 1 deg. The formula 
becomes, with mass units, 


A GM, 
100 Z 


MTcm = t-m (5) 


where L is ship length in meters. As a practical matter, 
GM, is usually so large compared to GB that only a 
negligible error would be introduced if BM, were sub- 


I pa 
stituted for GM. Then =] may be substituted for BM, 


where J, is the moment of inertia of the waterplane 
about a transverse axis through its centroid, and A = 
pV, where p is density. Then, moment to trim one cm: 


1 _ ek 


er a 
V100L 1002 


MTcm = pV X (6) 


For fresh water p = 1.0; for salt water p = 1.025 (t/ 
m*). Since the value of this function depends only on 
the size and shape of the waterplane, it is usually 
calculated together with the displacement and other 
curves, before the location of G is known. Although 
approximate, this expression may be used for calcu- 
lations involving moderate trim with satisfactory ac- 
curacy. 

When using “English” notation it is customary to 
retain weight (force) units, with displacement, W, in 
long tons of weight. Then moment to trim one inch, 


_ wGM, 
MTI = OE ton-ft (5a) 

where GM, and L are in ft. Approximately, 
art ~ ?9"* ton-tt (6a) 


12L 


where pg ~ 1/35.0 in SW and 1/35.9 in FW. 
(c) The period of roll in still water, if not influenced 
by damping effects, is shown in Chapter VII to be: 


constantxk CxB 


(7) 
VGM VGM 


Period = 


where k is the radius of gyration of the ship about a 
fore-and-aft axis through its center of gravity. 

The factor “constant x k’” is often replaced by C 
< B, where C is a constant obtained from observed 
data for different types of ships. 

This formula may be used to estimate the period of 
roll when data for ships of the same type are available, 
if it is assumed that the radius of gyration is the same 
percentage of the ship’s beam in each case. For ex- 
ample, if a ship with a beam of 15.24m and a GM of 
1.22m has a period of roll of 10.5 seconds, then 


= 10.5 x ¥1.22 = Wy 
C= ae) ea 0.76 sec/m 


If another ship of the same type has a beam of 13.72m 
and a GM of 1.52m, the estimated period of roll would 
be: 


_ 0.76 x 18.72 
v1.52 


T = 8.5 sec 


The variation of the value of C for ships of different 
types is not large; a reasonably close estimate can be 
made if 0.80 is used for surface types and 0.67 is used 
for submarines. In almost all cases, values of C for 
conventional, homogeneously loaded surface ships are 
between 0.72 and 0.91. This formula is useful also for 
estimating GM when the period of roll has been ob- 
served. 

A snappy, short-period roll may be interpreted as 
indicating that a ship has moderate to high stability, 
while a sluggish, slow roll (long period) may be inter- 
preted as an indication of lesser stability, or that other 
factors such as free surface or liquids in systems may 
be influencing the roll period. However, the external 
rolling forces due to waves and wind tend to distort 


oe Hence, caution must be 
VGM 

exercised in calculating GM values from periods of roll 
observed at sea, particularly for small craft. 

The case of the ore carrier is an interesting illus- 
tration of the effect of weight distribution on the radius 
of gyration and therefore on the value of C. The weight 
of the ore, which is several times that of the light ship, 
is concentrated fairly close to the center of gravity, 
both vertically and transversely. When the ship is in 
ballast, the ballast water is carried in wing tanks at a 
considerable distance outboard of the center of grav- 
ity, and the radius of gyration is greater than that for 


the relationship of 7 = 
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the loaded condition. This can result in a variation in 
the value of C from 0.69 for a particular ship in the 
loaded condition to 0.94 when the ship is in ballast. 
For most ships, however, there is only a minor change 
in the radius of gyration with the usual changes in 
loading. 

If no other information is available, the metacentric 
height, in conjunction with freeboard, is a reasonably 
good measure of a ship’s stability, although it must 
be used with judgment and caution. On ships with 
ample freeboard, the moment required to heel the ship 
to 20 deg may be larger than 20 times the moment to 
heel one degree, but on ships with but little freeboard 
it may be considerably less. Little effort may be re- 
quired to capsize a ship with large GM but with small- 
freeboard. When the metacentric height is zero or neg- 
ative, certain types of ship would capsize, while other 
types might develop fairly large righting moments at 
the larger angles of heel. The metacentric height may 
be used, however, as an approximate index of stability 
for an undamaged ship with reasonable confidence if 
the ship can be compared to another with similar lines 
and freeboard for which the stability characteristics 
are known. =. 

For approximate estimates of BM see Chapter I. 

3.8 Conditions of Loading. A ship’s stability, and 
hence GM, may vary considerably during the course 
of a voyage, or from one voyage to the next, and it is 
necessary to determine which probable condition of 
loading is the least favorable, and will therefore gov- 
ern the required stability. (The general effect of var- 
iations in cargo and liquid load is further discussed in 
Section 6). It is customary to study, for each design, 


a number of loaded conditions with various quantities, 
locations, and densities of cargo and with various liquid 
loadings. When a ship is completed the builder usually 
provides such information for the guidance of the op- 
erator in the form of a Trim and Stability Booklet. 
A typical booklet contains a general arrangement of 
the ship, curves of form, capacities and centers, in 
addition to calculations of GM and trim for a number 
of representative conditions and blank forms for cal- 
culating new conditions. Such a booklet is required for 
all general cargo ships, tankers and passenger ships 
by international conventions and must be approved in 
the U.S. by the Coast Guard, American Bureau of 
Shipping and (if government financing is involved) by 
the Maritime Administration. See Garzke, Johnson and 
Landsburg (1974). Similar information is furnished for 
naval ships. 

The range of loading conditions which a ship might 
experience varies with its type and the service in which 
it is engaged. Typical conditions usually included in 
the ship’s Trim and Stability Booklet are: 

(a) Full-load departure condition, with full al- 
lowance of cargo and variable loads. All the ship’s 
spaces are filled to normal capacity with load items 
intended to be carried in these spaces, which usually 
implies minimum density homogeneous cargoes, 
whether general, dry bulk, liquid or containerized. A 
typical example is given in Table 3. 

Naval combatant ships do not carry cargo in the 
usual sense. Instead, cargo on such ships would be 
ammunition or jet fuel. 

Additional conditions may be included for other 
heavier cargo densities, involving partially filled or 


Table 3-——Typical Full Load Departure Conditions Computed Weights and Centers 


Dry Cargo Ship' 


Weight’ VCG 
t m 

Light Ship*® 

incl, margin & 

solid ballast) 8582 9.8 
Crew and Stores 74 12.8 
Fuel Oil 4785 2.5 
Fresh Water 297 6.4 
Salt Water Ballast — — 
Cargo, General 7459 9.8 

Refrig. 258 9.2 

Container 1178 7.9 
Deadweight, Total 14,051 V1 
Displacement 22,633 8.1 
Mean Draft in S.W. 9.63m (31.59 ft.) 
GM = KM-KG 10.4-8.1= 2.8m 
Free Surface Cor.’ 0.6 
Net GM 17 
Notes: 


1. Similar to ship in Fig. 39. 
2. Similar to ship in Fig. 40. 
3. Light ship figures from Table 1. _ 


Containership? 
LCG Weight® VCG LCG 
m t m m 
84.8 10,528 7.9 94.6 
90.1 120 15.8 135.9 
83.6 2265 3.6 80.9 
88.0 220 8.0 141.5 
_— 755 0.8 97.1 
81.7 10,960 11.9 90.2 
1038.3 —_ — — 
69.2 — — — 
81.9 14,320 10.0 90.3 
83.0 24,848 9.2 92.8 
9.11m (29.88 ft.) 
10.01-9.21= 0.80m 
0.28 
0.52 


4. The free surface correction to GM is discussed in Section 5. 


5. “Weight” is really mass in S.I. units. 
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empty holds or tanks. For ships that carry deck car- 
goes, conditions with cargo on deck should be included, 
since they may be critical for stability. 

(b) Partial-load departure conditions, such as 
half-cargo or no-cargo. When no cargo is carried, solid 
or liquid ballast may be required, located so as to 
provide sufficient draft and satisfactory trim and sta- 
bility. 

(c) Arrival or minimum operating conditions. 
These describe the ship after an extended period at 
sea and are usually the lowest stability conditions con- 
sistent with the liquid loading instructions (Section 
6.8). Certain cargo ships might be engaged in point- 
to-point service, while others might make many stops 
before returning to home port. The amount of cargo 
and consumables would vary, depending on the service. 
Conditions for naval ships would reflect the most ad- 
verse distribution of ammunition, along with reduced 
amounts of other consumables. 

In all of the above conditions of loading it is nec- 
essary to make appropriate allowances for the effects 
on stability of the free surface of liquids in tanks, as 
explained in Section 5.2. 

U.S. Coast Guard stability requirements are given 
in the Code of Federal Regulations (46 CFR 170-174) 
obtainable from the Government Printing Office. 

- 3.9 Suitable Metacentric Height. The stability of a 
ship design, as evidenced approximately by its meta- 
centric height (GM), should meet at least the following 
requirements in all conditions of loading anticipated: 

(a) It should be large enough in passenger ships 
to prevent capsizing or an excessive list in case of 
flooding a portion of the ship during an accident. The 
effect of flooding is described in Chapter III. 

(ob) It should be large enough to prevent listing to 
unpleasant or dangerous angles in case all passengers 
crowd to one side. This may require considerable GM 
in light-displacement ships, such as excursion steamers 
carrying large numbers of passengers. 

(c) It should be large enough to minimize the pos- 
sibility of a serious list under pressure from strong 
beam winds. 

For passenger ships Item (a), as discussed fully in 
Chapter III, is often the controlling consideration. The 
International Convention requirements for stability 
after damage, or other criteria for sufficient stability, 
may result in a metacentric height which is larger than 
that desirable from the standpoint of rolling at sea. 
Since the period of roll in still water varies inversely 
as the square root of the metacentric height, larger 
metacentric heights produce shorter periods of roll, 
resulting in greater acceleration forces which can be- 
come objectionable. The period of roll may also be a 
factor in determining the amplitude of roll, since the 
amplitude tends to increase as the period of roll ap- 
proaches the period of encounter of the waves, as 
explained in Chapter VII. 

Of these two conflicting considerations, that of 
safety outweighs the possibility of uncomfortable roll- 


ing, and adequate stability for safety after damage 
must be provided for passenger ships, and is desirable 
for cargo ships. However, the metacentric height 
should not be permitted to exceed that required for 
adequate stability by more than a reasonable margin. 

Numerous international and national maritime or- 
ganizations have established stability criteria which 
cover to some degree almost all types of ships, be they 
commercial or military. The metacentric height has 
been used as a stability measure for about fifty years. 
It has been used as a US regulatory standard since 
the late 1980’s when it was introduced as a measure 
of minimum stability for the large ocean going pas- 
senger vessels in conjunction with an evaluation of a 
storm-wind heeling moment. Hence, for United States 
commercial ship designs, GM criteria established by 
the U.S. Coast Guard are now applicable, based pri- 
marily on limiting wind heel (Code of Federal Regu- 
lations, U.S. 46 CFR 170.) All U.S. ships constructed 
under government subsidy must meet Maritime Ad- 
ministration requirements, which for the intact ship 
are the same as U.S. Coast Guard requirements. For 
passenger ships, damage stability requirements are 
applicable (as discussed in Chapter III), since flooding 
resulting from hull damage may be the governing haz- 
ard. 

Since the required stability will vary with displace- 
ment, it is convenient to express the required stability 
as a curve of required GM plotted against displacement 
or draft. Actual GM s for various loading conditions 
are corrected for free surface of liquids in tanks (Sec- 
tion 5) and plotted on the same graph as required GM, 
as illustrated in Chapter III. This indicates immedi- 
ately which conditions are satisfactory and which are 
not. Conditions of loading which are unsatisfactory 
must be made satisfactory by increasing the ship’s 
inherent stability (during the design stage) or by is- 
suing loading instructions which will prevent a ship 
from loading to an unsatisfactory stability condition. 

Initial metacentric height is also an integral part of 
the international recommendation on stability for ships 
under 100 meters in length, which has been adopted 
into regulations in many nations. 

Required GM curves must be used with caution since 
analysis of the righting arm curve, which defines the 
stability at large angles, is the only rigorous method 
of evaluating adequacy of stability. The righting arm 
curve takes into account freeboard, range of stability 
and the other features discussed in Section 4.8. Hence, 
stability criteria are often based on righting arm 
curves, rather than on GM alone, especially for small 
craft and naval ships. See Section 7. 

U.S. Navy ships must meet all the stability require- 
ments of commercial ships, including the ability to 
operate safely in severe weather. In addition, they 
must have the capability of withstanding considerable 
underwater hull damage as a result of enemy action. 
For these reasons, U.S. Navy ships may have larger 
initial GM than similar sized commercial ships. How- 
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ever, Navy stability requirements are usually based 
on righting arm curves rather than GM, as discussed 
in Section 7. 

An alternative approach is to make use of the “al- 
lowable KG” curve, derived from the righting arm 
curves, which is usually more meaningful than the 
required GM curve, unless the latter has been adjusted 
to take into account the aforementioned righting arm 
features. See NAVSEA (1975). A useful tabulation is 
prepared for ships to permit a quick judgment as to 
whether a proposed weight change will generally be 
acceptable or unacceptable with regard to the limits 
on draft and stability. This tabulation is titled Ship 
Status for Proposed Weight Changes and takes on 
the following format: 


Allowable KG 
for governing 


Ship Status loading conditions 
A 1 7.6m 
B 3 8.0 m 
Cc 2 4.2m 
D 4 8.5 m 
E 1 


e Status 1 means that the’ship has adequate 
weight and stability margins with respect to these 
limits. Thus, a reasonable weight change at any height 
is generally acceptable. 


e Status 2 means that a ship is very close to both 
the limiting drafts and the stability ( Ke limits. Thus, 
a weight increase or rise in the center of gravity is 
unacceptable. 

e Status ? means that a ship is very close to the 
stability limit but has adequate weight margin. If a 
weight change is above the allowable KG value and 
would thus cause a rise in the ship’s center of gravity, 
the addition of solid ballast low in the ship may be a 
reasonable form of compensation. 

e Status 4 means that adequate stability margin 
exists but that the ship is operating at departure very 
close to its limiting drafts. Tankers and beach landing 
ships usually fall into this category. A weight addition 
is at the expense of cargo deadweight, or may ad- 
versely affect the ability of a landing ship to land at 
a designated beach site. 

To reduce any necessary compromise between the 
requirements of a large amount of initial stability to 
withstand underwater hull damage and the desire to 
reduce GM to obtain more comfortable rolling char- 
acteristics, many large ships have anti-rolling tanks or 
fin stabilizers which operate to reduce roll amplitude. 
See Chapter VII. Anti-roll tanks operate on the prin- 
ciple of automatic shifting of liquids from side to side 
out of phase with the ship’s rolling. The liquids present 
a free-surface effect problem (discussed in Section 5) 
which must be taken into account when evaluating a 
ship’s stability. 


Section 4 
Curves of Stability 


4.1 Description of Cross Curves of Stability. To de- 
termine the moment of weight and buoyancy tending 
to restore the ship to the upright position at large 
angles of heel, it is necessary to know the distance 
from the center of gravity, through which the weight 
force, W, acts downward, to the vertical line through 
the center of buoyancy—shown as AD in Fig. 16(a)— 
through which the equal upward force of buoyancy 
acts. This distance is called the righting arm and is 
usually referred to as GZ. These Cross Curves of Sta- 
bility provide a means of presenting this distance for 
any probable value of displacement and for several 
angles of heel, and are usually calculated before the 
curves of statical stability discussed in Section 4.8 of 
this chapter can be drawn. 

It is not practical in general to calculate the actual 
righting arm for all conditions of loading, since the 
location of the center of gravity varies with the loading 
of the ship. To overcome this difficulty, it is common 
practice to assume a location for the center of gravity, 
such as point O in Fig. 16(a), on the ship’s centerline 


Fig. 16(a) Transverse righting arms 


plane. This point or pole may be either in the vicinity 
of the actual location of the center of gravity, or, for 
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Fig. 16(b) Transverse righting arms for two water lines 


convenience, at the baseline. The latter has certain 
advantages which will be mentioned later. The distance 
a in Fig. 16(a) from this point to the line AD is cal- 
culated for a number of waterlines at various drafts 
and angles of heel. 

An illustration of this with the ship drawn upright 
and the waterlines inclined at angles $, and 9, is 
shown in Fig. 16(b). The figure shows the initial center 
of buoyancy B, and new centers of buoyancy B, and 
B,, corresponding to $, and 2, respectively, with a 
fixed reference point O, or pole. The two distances a, 
and a, correspond to $, and ¢,, and represent the 
righting arms if the center of gravity were at the point 
O. The displacements for the two inclined waterlines 
are not necessarily the same. 

Thus at each inclined waterline, a displacement (W) 
and a lever (GZ) between the buoyant force and the 
weight force is determined. A similar illustration could 
be made for waterlines inclined from any other initial 
waterline. 

For convenience when using §.I. units it is custom- 
ary to take displacement to be mass in metric tons and 
moments in t-m. (In English units, moments would be 
in ton-ft) 

The sample cross curves shown in Fig. 17 consist of 
a plot of the distance a for several waterlines and 
angles of heel against displacement. The two circled 
points correspond to the conditions shown in Fig. 16(b). 

For any particular condition of loading of the ship, 
for which the displacement and vertical location of the 
center of gravity are known, the values of a for the 
various angles of heel can be read from the cross 
curves. If the center of gravity, G in Fig. 16(a) is above 
O, the actual values of the righting arms can be ob- 
tained from GZ = a — OG sin &, where ¢ is the angle 
of inclination. If G is below O, the value OG sin ¢ is 
added to a. If O is taken at the baseline, point K, the 
value KG sin ¢ is always subtracted from a, a distinct 
advantage since there is no possibility of interchanging 
the signs of the correction. In any case, raising G 
always reduces GZ. 
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In some cases, the center of gravity of the ship will 
be off the ship’s centerline, as shown in Fig. 18. As G 
moves off the centerline a distance b, measured per- 
pendicular to the centerline, to G,, the righting arms 
will be decreased by the value 5 cos @ when the ship 
heels in one direction and increased by the same 
amount when the ship heels in the opposite direction. 

4.2 Methods for Obtaining Cross Curves. The 
method most commonly used for preparing the cross 
curves today involves the use of a digital computer in 
conjunction with numerical offsets. However, it is best 
to discuss manual methods first in order that the basic 
principles can be made clear. Most manual methods 
involve the use of transverse sections of the ship ex- 
tending up to the weather deck, usually those appear- 
ing on the lines drawing, which are also used in 
preparing the displacement and other curves as de- 
scribed in Chapter I. 

Cross curves and righting arm curves are usually 
prepared on the basis of the assumption that there is 
a complete watertight envelope consisting of bottom, 
side shell and weather (or bulkhead) deck. Actually, 
superstructures and deckhouses having watertight 
sides, ends and overhead (including poops and fore- 
castles) would contribute to intact stability, but in most 
cases they are not taken into account on the grounds 
that there will usually be openings not properly closed 
even if nominally watertight. On the other hand, if 
there are openings not properly closed in the weather 
(or bulkhead) decks, or side shell below the heeled 
waterline, there is a likelihood of appreciable down- 
flooding which would put the ship in a damaged con- 
dition and might either reduce or improve stability. 
The superstructure or deckhouses are usually not 
treated as part of the watertight envelope in devel- 
oping cross curves unless the ship’s stability is poor 
and advantage must be taken of the watertight su- 
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Fig. 17 Cross curves of stability 
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Fig. 18 Effect of off-center location of CG 


perstructure. In this case, for a given displacement, 
the angle up to which a benefit may be taken would 
be the angle at which water might enter the super- 
structure through a door or other opening. In such 
case it is desirable to indicate on each stability curve 
the angle at which superstructure entry occurs, as well 
as the angle at which downflooding may occur. 

A number of waterlines are selected at various 
drafts and angles of heel. The angles selected are 
usually multiples of 10 or 15 deg., the latter being 
typical for commercial and naval ships. For smaller 
ship types with low freeboard, particularly those hav- 
ing raised forecastles and flat decks astern, multiples 
of 5 or 10 degrees are usually selected rather than 15 
degree multiples. Offshore supply ships, tugs, and 
some classes of fishing ships are examples of ship 
types where the smaller multiples are used in prepar- 
ing cross curves. 

For each angle, four or five drafts are used, so that 
four or five points will be available for plotting each 
of the cross curves. The shallowest and deepest drafts 
used for each angle are selected to give an appropriate 
range of displacement. 


Fig. 19 Typical inclined section 


A typical section, with one inclined waterline, is 
shown in Fig. 19. A fore-and-aft plane, CD, perpen- 
dicular to the waterline and passing through the as- 
sumed center of gravity, O, is used for reference. 

For each inclined waterline, the area of each section 
below the waterline (the shaded area in Fig. 19), is 
determined. In addition, the moment of the shaded area 
about plane CD is determined. This provides the in- 
formation necessary to establish: 

(a) A curve of section areas plotted against the 
ship’s length. 

(b) A curve of moments of section areas about the 
plane CD, plotted against the ship’s length. 

The areas under these curves are the volume of the 
ship below the inclined waterline and the moment of 
this volume with respect to the plane CD. Dividing the 
moment by the volume gives the distance of the center 
of buoyancy from the plane CD, which is the righting 
arm corresponding to the assumed center of gravity 
O. 

Dividing the volume (in cubic meters) by 0.975 cubic 
meters per metric ton (or multiplying by the specific 
gravity 1.025) gives the displacement in sea water at 
the inclined waterline in metric tons. The displacement 
and its corresponding righting arm provide data for 
plotting one point on the cross curves. 

In practice, the curves of area and moment are not 
necessarily drawn, but the areas under these curves 
are obtained arithmetically by one of the integration 
rules, such as Simpson’s rule, which are described in 
Chapter I. As a practical check, however, there is some 
advantage in plotting these curves, since any errors’ 
or unusual features may become apparent. 

If Simpson’s first rule is used for integration, a typ- 
ical calculation of displacement and righting arm, for 
one inclined waterline, would appear as in Table 4. 

Since the purpose of these calculations is to deter- 
mine righting arms, moments which tend to right the 
ship are considered to be positive, and those in the 
opposite direction as negative. In the example used in 
Table 4, the sections 1 and 2 are quite narrow, and, at 
this inclination, their centroids would be to the left of 
plane CD in Fig. 19. This indicates that, if the center 
of gravity were actually at its assumed position, the 
buoyancy of the volume of the ship forward of a point 
somewhere between stations 2 and 3 would tend to 
upset the ship. 

If O is taken at the base line, as is the practice in 
some offices, all moments are positive. This tends to 
minimize the likelihood of error. 

43 Use of Integrator in Preparing Cross 
Curves. Offices which do not have ready access to 
electronic computers may use a mechanical integrator 
to obtain the areas and moments for each station sec- 
tion at various inclined waterlines. A description of the 
operation of the mechanical integrator is not given 
here, but Figure 20 illustrates the set-up that is used. 
Note that each station section is drawn as a complete 
section and the functions of areas and corresponding 
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Table 4—Displacement and Righting Arm Calculation 


Station Area, m’ 


D 
= 


SB OWoIP UMA WNH OS 
Dey La eer Noe oe No No 
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Sum of products.......... cece cece cnet ee ee eens 


functions of moments are read from the wheels 
marked area and moment. (The inertia wheel is not 
often used). Each instrument has its own conversion 
factors for areas and moments and an appropriate 
drawing scale factor must be used. Note that in Fig. 
20 the assumed center of gravity is shown to be at 
the keel. 

4.4 Wedge Method for Calculating Cross 
Curves. This method is similar to the integrator 
method except that the inclined W,L, displacement 


AXIS FOR MOMENTS 


Product Moment, m°® Product 
0 0 0 
18.8 — 29 — 58 
19.8 — 23 — 23 
64.6 + 5.2 +10.4 
43.1 +13.1 +13.1 
95.4 +16.3 +32.6 
44.6 +18.2 +18.2 
72.8 +18.4 + 36.8 
24.8 +141 —14.1 
23.6 + 6.4 —12.8 
0 0 0 
407.5 +129.9 


and the moment of the inclined volume about a vertical 
reference line are calculated by integrating numeri- 
cally in a fore and aft direction the areas and moments 
of the immersed and emerged wedges of each section, 
and algebraically adding these to the upright WL dis- 
placement and transverse moment (usually zero in the 
upright position). 

Reference to Figure 21 illustrates the general nature 
of the relationships. In Figure 21 the assumption is 
made that the immersed and emerged wedges are of 


Fig. 20 Use of integrator 
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Wedge method of calculating stability 


Fig. 21 


equal volume. 
Let v = volume of wedge 


V = ship volume. 
99, = distance between centroids of wedges 
Moment of righting couple 
=VGZ 
Also, by principle of moments, the shift in buoyancy, 
BBY = 99, v (8) 
Les 
9, V 


(BB, is parallel to gg,) 


de 


Similarly, = = 


(BR is parallel to hh, and W,L,) 

GZ and BR are both parallel to the inclined WL and 
are perpendicular to the vertical weight and buoyant 
forces. From triangle BGT, 


aoe =o ee 


v hh, 
Vv 


(9) 


Hence, 


GZ = — BG sind 


If the volumes of the two wedges are not equal, as 
would be the case at high and low drafts, the ship V 
to the inclined waterline W,Z, would be greater or 
less, especially with ships having large curvature in 
their sections. Unless troublesome corrections are 
made, the method must be considered as approximate. 

4.5 Computer Methods for Calculating Cross 
Curves. As previously noted, the most common prac- 


tice today is to use a high-speed electronic computer 
to perform calculations necessary to produce cross 
curves, since the amount of work required to integrate 
ship sections manually to obtain areas and moments 
(including the the effect of trim) is very time consum- 
ing. Furthermore, the computer makes it possible to 
arrive at exact solutions by iteration to satisfy equi- 
librium trim conditions without arbitrary assumptions. 

Although a number of programs are available, the 
use of the Navy’s stability sub-routine developed as 
part of their Ship Hull Characteristics Program 
(SHCP), described in Chapter I, will be explained in 
some detail in Section 4.15. 

Stability cross curves can also be calculated by using 
a hand-held programmable calculator, as explained by 
Cromer (1981). 

4.6 Techniques. When the integrator is used, it is 
necessary to prepare a body plan showing both the 
forward and after sections on both sides of the ship’s 
centerline. To avoid the confusion resulting from draw- 
ing numerous waterlines on the body plan, several 
parallel waterlines may be drawn on a sheet of clear 
plastic, or a piece of tracing paper, which is placed 
over the body plan with the waterlines at the desired 
drafts and perpendicular to the moment axis of the 
integrator, as shown in Fig. 20. This sheet should be 
large enough so that the area and moment wheels do 
not run over the edge of the sheet during the inte- 
gration process. 

When the moment axis of the integrator has been 
set to coincide with the vertical plane through the 
assumed center of gravity for a particular inclination, 
each section may be integrated up to each waterline 
without moving the integrator track or the body plan. 

If the method of wedges is used, the required di- 
mensions may be scaled directly from the lines draw- 
ing. A sheet of clear plastic or tracing paper with a 
set of radial lines may be placed over the drawing 
while the dimensions are lifted. 

If an electronic computer is used, a one-sided body 
plan showing each station is prepared, and inputs to 
define the hull form for each station are made in con- 
formance with the program being used. Section 4.15 
describes the specific inputs required to obtain cross 
curves. 

The location of the waterlines used in preparing the 
cross curves should be kept for future reference. This 
may be done by recording the angle of inclination and 
the intersection of the waterline with the ship’s cen- 
terline or base line. This information will be needed if 
cross curves for the damaged ship are prepared later 
by deducting the buoyancy and moment of the flooded 
volumes, up to the same waterlines, from the buoyancy 
and moment of the intact ship. 

4.7 Appendages. The foregoing discussion of 
cross curves deals only with the fair main body of the 
ship. In many cases it will be necessary to make ad- 
justments to the calculations to take account of other 
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Fig. 22 Example ship with long forecastle 


items which are considered to be appendages to the 
main body of the ship. Examples of these items are as 
follows: 

(a) Fittings such as propellers, rudders, shafts, 
shaft bossings and sonar domes, which protrude from 
the main body. In most cases, these items are sym- 
metrical with respect to the ship’s centerline and their 
center of buoyancy falls on the ship’s centerline. Their 
volume and the vertical location of their center of buoy- 
ancy may have been calculated in connection with the 
displacement and other curves. If they remain sub- 
merged until large angles of heel are reached, they 
may be treated as a single item for the purpose of 
making an adjustment to the cross-curve calculations. 

(0) Portions of the ship forward or aft of the per- 
pendiculars that may be submerged as the ship heels. 
If the effect of these appendages is significant, a sep- 
arate estimate of their volume and center of buoyancy 
is made for each waterline. 

(c) Free-fiooding volumes within the fair main body 
of the ship. Significant free-flooding spaces are unu- 
sual, but they may have an important effect on the 
cross curves if they exist. Examples are unusually 
large sea chests, wells, and free-flooding spaces within 
the fair lines on submarines. These are treated as neg- 
ative appendages, and their volume and center calcu- 
lated for each waterline. This treatment must be 
consistent with the weight estimate; if they are con- 
sidered as negative appendages in making the cross 
curves, the weight of water they contain should not 
be included in the weight estimate. 


Fig. 23. Example of correction for negative buoyancy 
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(d) Where the deck forming the watertight enve- 
lope of the ship is not continuous, as in the case of a 
ship with a forecastle deck illustrated in Fig. 22, there 
is an abrupt change in the section-area curve where 
the break occurs for angles of heel where the lower 
portion of the deck is submerged. The area and mo- 
ment curves can be integrated accurately by Simpson’s 
first rule if the break occurs at one of the even-num- 
bered stations, where Simpson’s multiplier is 2 as 
shown in Fig. 22, by entering the mean of the values 
of area and moment immediately forward and imme- 
diately aft of the even-numbered station, or by enter- 
ing the sum of the two values in the “products” 
column. If the break occurs between Stations 3 and 4 
as Fig. 22, it could be assumed, in the process of lon- 
gitudinal integration, that the forecastle deck extends 
aft to Station 4 by an imaginary extension of the lines 
of the deck and shell, and the volume and moment of 
volume of the submerged portion of the imaginary 
extension calculated and deducted as a negative ap- 
pendage. If the break occurs between Station 4 and 5, 
it could be assumed that the forecastle deck ends at 
Station 4, and the real submerged volume aft of Station 
4 treated as a positive appendage. 

The method of adjusting the calculations for the 
main body to take account of appendages is illustrated 
in Fig. 23. The 1500-t item represents the buoyancy of 
the main body which has been found to act at a distance 
of 0.3 m from the vertical plane CD through the as- 
sumed center of gravity O. The shaded area is the 
submerged portion of the negative appendage shown 
in Fig. 22; its negative buoyancy for this waterline is 
20 t acting at a distance of 4.6 m (15 ft) from plane 
CD. The 5-ton item is the buoyancy of the rudder, 
propeller and shaft bossing, centered at a point on the 
ship’s centerline, 2.1 m (7 ft) below point O, or 2.1 x 
sin 30° = 1.1 m (8.5 ft) from plane CD. The adjusted 
values of displacement and righting arm are found by 
adding, algebraically, the forces and moments, as fol- 
lows: 


Buoyancy Arm Moment 
Main body ................. 1500 0.3 450 
Negative appendage....... —20 4.6 —92 
Rudder propeller, etc. ..... _ 5 ~-ll _ -6 
1485 0.24 352 


The adjusted displacement is 1485 t; the righting 
arm is 3852/1485 = 0.24 m. 

The shell plating, which is often treated as an ap- 
pendage in the calculations for displacement and other 
curves, cannot be handled efficiently in this manner in 
the calculations for cross curves, since its submerged 
volume and moment are different for each waterline. 
If the shell is ignored, as it often is, the values of 
righting arm will be somewhat smaller than the actual 
values, and the evaluation of stability will be on the 
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Table 5—Calculations for Righting Arms 


0 
Righting Arms, m, from Cross Curves ......... 0 
Adjustment for actual KG, (6.1-8.8) sin ¢....... 0 
Adjustment for off center CG, —0.30 x cos $ —0.30 
Free Surface Correction .............0.eee eee eee 0 
Righting Arms, m............ 56.00. cece cee ees —0.30 


pessimistic, or safe, side. The effect of the shell may 
be worked into the calculations for the main body of 
the ship by running the tracing point of the integrator 
slightly on the outside of the molded lines, or by adding 
the shell thickness to the measurements taken from 
the ship sections. 

Deckhouses are generally not considered as append- 
ages. Because of the access and ventilation fittings 
usually found in the house sides, which may be open, 
and the fact that the deckhouses would contribute 
righting moment only at rather large inclinations, it 
is customary to omit the buoyancy of the deckhouses 
in the cross curve calculations. This does not preclude 
including the effect of a deckhouse if there is assurance 
that it will not become flooded if submerged. 

4.8 Curves of Statical Stability. The statical sta- 
bility curve is a plot of righting arm or righting mo- 
ment against angle of heel for a given condition of 
loading. For any ship, the shape of this curve will vary 
with the displacement, the vertical and transverse po- 
sition of the center of gravity, the trim, and the effect 
of free liquids. Section 4.1 describes, and Fig. 17 il- 
lustrates, the cross curves of stability which show the 
righting arms, for an assumed height of the center of 
gravity, for several angles of heel and throughout the 
range of operating displacements. Section 4.1 also de- 
scribes the method for adjusting the righting arms 
read from the cross curves to correspond to the actual 
height of the ship’s center of gravity and for any move- 
ment of the center of gravity from the ship’s center- 
line. Section 5 discusses the methods for determining 
the effect of free liquid on the righting arm. 

Table 5 illustrates the method used for obtaining 
the actual righting arms from the cross curves shown 
in Fig. 17. The following data are required, in addition 
to the cross curves and the height of the center of 
gravity assumed thereon: 


Displacement, 30,000. 
CG above keel, AG, m 8.8 
CG from CL. m 0.30 
Assumed KG (Cross Curves), 6.1 


These values of the righting arm, plotted against 
angle of heel, form the statical stability curve, shown 
in Fig. 24. This figure illustrates the general case, in 


Angle of Inclination, o, deg. 


15 30 45 60 15 

1.17 2.44 3.57 3.79 3.41 
—0.70 1.35 —1.91 — 2.84 —2.61 
—0.29 0.26 —0.21 —0.15 —0.08 
—0.05 —0.06 — 0.05 —0.05 —0.04 

0.13 0.77 1.40 1.25 0.68 


which the center of gravity is not on the ship’s cen- 
terline (creating an initial list), rather than the usual 
case, in which the center of gravity is on, or very near, 
the centerline. Fig. 25 is the statical stability curve for 
the same ship, at the same displacement, with the same 
KG and free liquids, but with the center of gravity on 
the ship’s center line. It is obtained by omitting the 
item 0.3 cos @ from Table 5. 

For ships on which the effect of free liquid is rela- 
tively small, and the moment of transference is there- 
fore not caiculated, as discussed in Section 5, the 
righting arms are calculated by considering the effect 
of free liquid as a virtual rise of the center of gravity 
of the ship. In the usual case, where the center of 
gravity is on the ship’s centerline, only the first two 
lines of Table 5 would be required. The value used for 
KG would include the virtual rise due to free liquid. 

The curve of righting arms may be converted to a 
curve of righting moments by multiplying the ordi- 
nates by the ship’s displacement. The righting-arm 
curve may therefore be used as a curve of righting 
moment by adding a scale of moments. 

The displacement and center of buoyancy of a sub- 
merged submarine are fixed. The effect of free surface 
is small, so that it may be treated as a virtual rise of 
the center of gravity. The distance from the center of 
buoyancy (which is the metacenter) to the center of 
gravity is fixed at all angles of inclination and the 
righting arm is equal to BG sin @, where BG is the 
distance of the center of buoyancy above the virtual 
position of the center of gravity. 

Waves may have a significant effect on static sta- 
bility, particularly following or overtaking waves of 
approximately the ship’s length. Righting curves can 
be drawn by superimposing offsets from the wave pro- 
file on the body plan used for the calculation of cross 
curves. In a computer calculation, the wave profile is 
used for input instead of a straight waterline. Dynamic 
effects of rolling are excluded. 

Fig. 26 shows typical righting arm curves for a ship 
in a regular wave of the same length as the ship and 
height equal to L,,/20, with either wave crest or wave 
trough amidships. 

Although the dynamic effects of rolling in waves 
were not included above nor in any published regu- 
lations, the designer should consider their possible in- 
fluence on a new design, as discussed in Chapter VII. 
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Fig. 24 Typical static stability curve, CG off centerline 
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Fig. 26 Typical static righting arms in a wave of ship length and height 
L/20 


Reference is also made to Paulling (1974) for a de- 
scription of his experiments and a hypothesis explain- 
ing the capsizing mechanism for ships in following 
waves, 

4.9 Effect of Beam on Statical Stability. Fig. 27 


shows, in solid lines, a typical ship section, and another 
section, in broken lines, which differs from the other 
by an increase in beam. 

Increasing the beam as illustrated in Fig. 27 will, at 
any angle of inclination, cause the ship to rise so that 
the lost displacement of the shaded volume between 
the two waterlines is equal to the added displacement 
of the shaded volumes port and starboard between the 
two shell lines, less the additon of weight involved in 
increasing the beam. If w, is the lost displacement 
between the waterlines, w, the added displacement on 
the high side, and w, the added displacement on the 
low side, with their centroids located at distances a, 
b, and c from a vertical through the original inclined 
center of buoyancy, B,, the horizontal shift of the 
center of buoyancy toward the low side, d, would be 
found as shown in Table 6. 

The righting arm is increased by the amount d due 
to the shifting of the center of buoyancy. The righting 
arm would be affected also by any movement of the 
ship’s center of gravity caused by the added weight. 
As a practical matter, the weight change would prob- 
ably be small and not far from the ship’s center of 
gravity, and the effect of the weight change on righting 
arm would be small, if not negligible. 

Metacentric height, and therefore the righting mo- 
ments at small angles of inclination, are increased by 
increasing beam because of the large increase in the 
moment of inertia of the waterplane, along with small 
changes in volume of displacement and vertical posi- 
tions of the centers of buoyancy and gravity. 

4.10 Effect of Depth on Statical Stability. Fig. 28 
shows a ship section in solid lines, with another, in 
broken lines, which differs by an increase in depth. 

Weight changes caused by an increase in depth will 
have a more pronounced effect on stability than those 
associated with a change in beam. This is due to the 
fact that increasing depth results not only in adding 
structure such as shell, framing, and bulkheads be- 
tween the two positions of the deck in Fig. 28 at some 


Fig. 27 


Effect of increase of beam 
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Table 6-—Effect of Increased Beam 


Weight Lever Moment 
Original displacement ... W 0 0 
Lost displacement....... —W, —a Wa 
Added displacement 
(high side)............. We —b —w,b 
Added displacement (low 
SIDE) diese dee cad wea se'ses Ws ane Wee 
W-w, + wu, W,a 
W3 —web 
+w,C 


_ Wa — Wb + wee 
W-— w,+w,+ w, 


Fig. 28 Effect of increase of depth 


Fig. 29 Effect of tumble-home and flare 


distance above the ship’s center of gravity, but also 
in raising the entire superstructure and all items in- 
stalled above the deck through a distance equal to the 
increase in depth. 

Increasing depth, as illustrated in Fig. 28, causes 
the center of buoyancy to shift toward the low side, 


owing to addition of displacement of the shaded vol- 
ume between the two positions of the deck and the 
loss of the displacement of the shaded volume between 
the two waterlines. In this case, the shift of B, 


wa + wb 


oe W+ wy, 


(10) 


where w, is the weight of the added structure. Note 
ane results would be the same if mass units were 
used. 

Increasing depth will not result in an increase in 
righting arm due to shifting of the center of buoyancy 
until an angle is reached at which the original deck 
edge is submerged. Beyond this angle, substantial in- 
creases in righting arm may be obtained, particularly 
if the original freeboard was relatively low. At all 
angles, righting arms will be decreased because of the 
upward shift of the center of gravity caused by the 
added weight and raising of the superstructure and 
other topside items. Thus the net effect of increasing 
depth on right arms is a decrease until the original 
deck edge is immersed and a significant increase above 
this angle (assuming the beneficial buoyancy effect is 
greater than the adverse effect of the rise in G). There- 
fore, depth should not be increased for the purpose of 
improving stability unless some decrease in righting 
arms at the smaller angles of heel can be accepted or 
the rise of the center of gravity is offset by some 
measure such as adding low weight or increasing the 
beam. 

When depth is increased, metacentric height is de- 
creased by the amount that the center of gravity is 
raised and by the amount KM may be reduced. 

4.11 Effect of Other Changes in Form on Statical Sta- 
bility. Tumble-home or flare above the waterline in 
the upright position, as illustrated in Fig. 29, have 
effects on stability quite similar to a change in beam 
except that a major effect on righting arm will be 
delayed until the larger angles of heel are reached. 


Fig. 30 Effect of fining the bilges 
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Fig. 31 Slope of stability curve at the origin 


Righting arms at the larger angles are increased by 
flare and decreased by tumble-home. 

Flare and tumble-home have no effect on metacentric 
height except for a small change in the height of the 
ship’s center of gravity caused by differences in struc- 
ture. 

Replacing full sections by finer sections with the 
change wholly below the waterline in the upright po- 
sition, as illustrated by Fig. 30, has the effect of raising 
the center of buoyancy because the shaded volume at 
the bilges is replaced by the shaded volume between 
the two waterlines. Before the shaded volume at the 
bilge on the high side emerges, the effect is to move 
the center of buoyancy upward, parallel to the ship’s 
centerline, as from B, to B,, increasing the righting 
arm by the horizontal shift, or (B,B,.) sin @. As the 
shaded volume at the bilge on the high side emerges, 
the gain in righting arm tends to decrease, since the 
centroid of volume of the combination of the two 
shaded volumes at the bilges moves toward the low 
side, and, since this volume is negative, the ship’s cen- 
ter of buoyancy moves toward the high side. The in- 
crease in righting arm due to movement of the center 
of buoyancy is offset, to some extent, by the rise of 
the ship’s center of gravity caused by the reduction in 
low weight. 

When the lines are made finer in this manner, the 
metacentric height is increased by the difference in the 
rise of the center of buoyancy and the rise of the center 
of gravity. An additional effect on metacentric height 
may be produced by a change in the moment of inertia 
of the waterplane as the ship settles to the deeper 
waterline. 

4.12 Significance of the Statical Stability 
Curve. The statical stability curve has a number of 
features that are significant in the analysis of the 
ship’s stability. 

Where the ship’s center of gravity is not on the 
centerline, as in the case illustrated in Fig. 24, the 
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Fig. 32 Slope of stability curve at the origin defined by GM 


point at which the curve crosses the horizontal axis 
corresponds to the static angle of heel at which the 
ship will come to rest in still water. 

The slope of the curve at zero degrees is the me- 
tacentric height. As discussed in Section 3.1, the right- 
ing arm for small angles of hee] may be expressed by 
the formula 


GZ = GM sin (11) 


The slope of the curve at the origin, as shown in Fig. 
31, is therefore GM sin $/ 6 or, since sin @ approaches 
¢ (in radians) as approaches zero, the slope is the 
metacentric height. If the righting arm continued to 
increase at the same rate as at the origin it would be 
equal to GM at an inclination of 1 radian, or 57.3 deg, 
as illustrated in Fig. 32. Therefore, if the value of cht 
is plotted as an ordinate at 57.3 deg, a line connecting 
the plotted point with the origin would be tangent to 
the statical stability curve at the origin. This is a con- 
venient check for major error in the initial portion of 
the righting-arm curve. 

In cases where there is considerable free surface in 
wide, shallow tanks, and the moment of transference 
of the liquid is used to modify the righting arms, the 
metacentric height is not calculated, and is therefore 
not available for use in checking the curve. In such 
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Fig. 33. Work required to heel a ship 
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Fig. 34 Typical stability curves for different ships 


cases, however, the process may be reversed, and the 
righting arm curve may be used to determine the ef- 
fective metacentric height by determining the slope of 
the curve at the origin. This procedure might be useful 
if there is occasion to estimate the period of roll from 
the metacentric height, as discussed in Section 3.7. The 
slope at the origin, or the effective metacentric height, 
is equal to the righting arm at 10 deg divided by 10 
deg in radians or 10°/57.3°, which is equivalent to mul- 
tiplying the righting arm at 10 deg. by 5.73. 

The reason that the stability curve usually rises 
above the GZ = GM sin ¢ line at first, as angle of 
inclination increases (Fig. 32), is that there is an up- 
ward shift of buoyancy, as well as a lateral shift, as 
the ship inclines. At large angles of inclination this 
shift produces a significant increase in the righting 
arm, GZ, until the deck edge is reached. It can be 
shown that for a wall-sided ship, up to the angle at 


which the deck edge enters the water (Rawson and 
Tupper, 1965): 


GZ = GM sin 6 + (BM/2) tan? $ sind (12) 


A more general expression, taking account of hull 
shape can be obtained by substituting a factor F for 
(BM/2) tan? o and calculating F for a variety of ship 
types and hull forms. (Niedermair, 1932.) This is some- 
times done in damage stability calculations, as dis- 
cussed in Chapter III. 

The maximum righting moment, which occurs at 
angle C in Fig. 33, determines the maximum external 
upsetting moment that the ship can withstand without 
capsizing. If the ship is forced over to angle C by an 
external moment that does not thereafter diminish 
faster than does the righting moment, it will continue 
to heel until capsizing occurs. 

The range of positive stability is indicated by point 
D in Fig. 33. If the ship heels beyond this angle, the 
forces of weight and buoyancy will act to capsize, 
rather than to right, the ship. On a normal ship, the 
range of positive stability is somewhat indefinite. As 
discussed in Section 3, the cross curves of stability are 
usually based on the assumption that the superstruc- 
ture is not effective, and it was pointed out that, at 
very large angles of heel, there is a possibility that 
water may be shipped through topside openings with 
a consequent reduction in stability. If point D is de- 
termined from the cross curves as they are customarily 
calculated, positive righting arms would probably exist 
if the ship were to roll beyond angle D for a brief 
period because of the effect of the superstructure. If, 
on the other hand, the ship were to roll repeatedly to 
angles approaching point D, shipping water through 
topside openings (downflooding) might cause a pro- 
gressive reduction in stability, which could eventually 
result in negative righting arms before point D is 
reached. Shifting of cargo can have a similar result. 

The direction of curvature of the statical stability 
curve near the origin determines whether the ship will 
develop positive righting arms when the metacentric 
height is reduced to zero or becomes slightly negative. 
Two statical stability curves are shown in Fig. 34 for 
two ships having the same metacentric height but dif- 
ferent forms. In Fig. 34(@), which is typical of cargo 
and passenger types, the curve is concave upward, 
while the curve in Fig. 34(b) is concave downward. 
Assume that the center of gravity of each ship is 
shifted upward the same distance, so that the meta- 
centric height in each case becomes slightly negative. 
At any angle, the righting arm will be reduced by the 
same amount in each case, the reduction being the 
product of the vertical movement of the center of grav- 
ity and the sine of the angle of inclination. There is 
an important difference between the resulting statical 
stability curves: in case (a) the ship will heel to a smal] 
angle beyond which there will be some positive right- 
ing arm, while in case (6) the ship will capsize. The 
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condition of negative metacentric height shown in case 
(a) may be recognized by the behavior of the ship, 
since there will be a list with no apparent heeling 
moment; the ship comes to rest with a small angle of 
heel either to port or to starboard but will not remain 
upright. It is possible for a condition of negative me- 
tacentric height to develop gradually in normal oper- 
ation owing to consuming or unloading low weight, to 
developing a large free surface or to accumulating 
topside ice. In such situations, if the righting-arm 
curve is of the type shown in Fig. 34(a), and if the 
existence of negative metacentric height is recognized, 
there will be some warning that a precarious situation 
is developing. With a curve of the type shown in Fig. 
34(b), the only warning prior to capsizing would be a 
lengthening of the period of roll, which would not be 
apparent if the ship were in still water. 

4.13 Work and Energy Determination from Statical 
Stability Curve. Although the statical stability curve, 
as the name implies, is the representation of the right- 
ing arm, GZ, or righting moment (W GZ) of a ship 
when in a fixed-heel attitude, the curve can be used to 
determine the work involved in causing the ship to 
heel from one angle to another against the righting 
moment. 

The area under any portion of a curve of righting 
moment, such as the shaded area in Fig. 33, represents 
the work required to heel the ship from angle A to 
angle B. A moment, multiplied by the angle through 
which it is exerted, represents work. In the case of a 
ship, where the moment varies with the angle, if M is 
the moment at any angle of heel, o, then the work 
required to rotate the ship against this moment 
through an angle 5¢ is M &¢ (¢ in radians), and the 
work required to rotate it from A to B is 


Work = iI Made (18) 
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Fig. 35 Effect of rolling on dynamic stability 


which is the area under the curve between A and B. 

The total area between the righting-moment curve 
(at zero degrees to angle D) and the horizontal axis 
represents the total work required to capsize the ship 
from the upright position. This is often referred to as 
dynamic stability, although it does not really involve 
dynamics because wave-induced rolling velocities and 
accelerations are not considered. 

One can also say that the total area under the curve 
from A to B in Fig. 35, which represents the work 
done in heeling the ship from 0 to B, is the potential 
energy, E',, acquired by the ship at B. If all external 
heeling moments are then released, this energy will 
bring the ship back to the upright, zero-heel condition. 
But at this point the potential energy will have been 
transformed into kinetic energy equal to E, minus 
energy loss (i.e., energy expended in overcoming the 


Table 7—Intact Curves of Statical Stability 


Ovsr LCG =POLE HF MEER RA 


7739.807 4.826 26.00 15,000 
50.000 
45.000 
60.000 
70.000 
80.000 
83.000 
15.000 
3u.000 
#5.0090 
60.009 
70.9000 
40.000 
69.000 
15.000 
30.000 
#5.000 
60.000 
70.000 
€¢.900 
69.800 


81296.106 30217 28.68 


25275.837 10576 31.36 


6.892 
42.160 
16.2150 
17.667 
16.495 
24.762 
12.096 

5.79% 
100734 
13.422 
13.276 
12.206 
19.617 

6 HeS 

@.851 

9.033 
10.320 

9.429 

@.098 

e433 

e626 


ca vcs orarr TRIn 
9.59% 16.4635 23.838 722 
U7eeb2 20.076 20.185 - 4.905 
23.869 24.9b1 13.670 sae7iO 
27.956 30.200 1.5%6 ~%eHbb 
29-388 556281 “10.056 “13-233 
30.036 55.676 768.703 20.679 
30.2239 37.570 -£009.>64 7121.799 
6.223 20.277 29.002 7.364 
15.6875 25.265 27.268 2.015 
20.515 27.068 23.066 mmol 82 
23.208 30.533 10.052 40139 
24.245 32.765 &-813 2.327 
24.553 3e.496 “19.503 &.97k 
25.012 36.610 098.675 134.075 
7.01% 23.665 35.659 =.498 
£5.259 20.212 34 u5e “Lesbo 
16.809 26.6865 35.289 350 
16.632 51.230 32.164 Seka? 
29.515 32.082 34.209 12.190 
290720 300155 28.8608 32.923 
19.607 35.582 - 5.056 &LSeeO2. 


90 PRINCIPLES OF NAVAL ARCHITECTURE 


RIGHTING ARM, m 


30 60 
ANGLE OF INCLINATION 


Fig. 36 Example of dynamic stability 


resistance of the water to rolling.) This kinetic energy 
(proportional to the square of angular velocity) will 
carry it to an angle such that the area under the right- 
ing-moment curve, from the upright to that angle, is 
equal to the ship’s kinetic energy at zero inclination 
minus the energy absorbed by the resistance of the 
water. 

The following numerical example illustrates how a 
value of dynamical stability at a particular angle of 
heel, @ = 30 deg, is determined for the case shown in 
Fig. 36 with A = 4000 t. The corresponding weight 
displacement (force), W = 4000 x 9.81 = 39,240 kN. 


Righting Arm at 30 deg = 0.8m 
Righting Moment at 30 deg = 0.8 x 39,240 kN 
= 31,400 kN-m 
Angle of 30 deg = 30 7/180 rad. 
= 0.52 rad. 


Assume area under curve to 30 deg is a triangle. There- 
fore, dynamical stability up to 30 deg; 


Area = % X 31,400 x 0.52 
= 8164 kN-m 

4.14 Representation of Heeling Moments. In Sec- 
tion 1, the nature of certain heeling forces was dis- 
cussed. If the heeling moments developed by these 
forces are calculated for several angles of inclination, 
these moments may be plotted on the same coordinates 
as the statical stability curve, as illustrated in Fig. 37. 
Note that both curves are extended to the left to show 
heel in the opposite direction. If the curve labeled 
“heeling moment” represents the moment of a beam 
wind, the moment will vary with the angle of incli- 
nation because of changes in the ‘‘sail’” area, projected 
on a vertical plane, and in the vertical separation of 
the centroids of the wind pressure and the water pres- 
sure acting on the hull. If the heeling-moment curve 
represents the effect of high-speed turning, the mo- 


ment will decrease at the larger angles, since the ver- 
tical separation of the centrifugal force and the water 
pressure will vary approximately as the cosine of the 
angle of inclination. A heeling moment due to the 
crowding of passengers to one side will similarly vary 
as the cosine of the angle of inclination. In general, 
heeling moments will vary with inclination because of 
variations in forces, levers, or both. 

At points A and B in Fig. 37 the heeling moment 
equals the righting moment and the forces are in equi- 
librium. For example, if the heeling moment is caused 
by a lateral shift of weight (mass), the heeling moment 
is w d cos $, where w is the weight (or mass) and d 
is the distance moved. At equilibrium points A and B, 


WGZ=wdcosd (14) 


If the ship is heeled to point A, an inclination in either 
direction will generate a moment tending to restore 
the ship to position A. If the ship is heeled to point B, 
a slight inclination in either direction will produce a 
moment tending to move the ship away from position 
B, and the ship will either come to rest in position A 
or capsize. The range of positive stability is decreased 
by the effect of the heeling moment to point B. 

When a heeling moment exists, as in Fig. 37, the 
vertical distance between the heeling-moment and 
righting-moment curves at any angle represents the 
net moment acting at that angle either to heel or right 
the ship, depending on the relative magnitude of the 
righting and heeling moments, i.e., the net righting 
moment for the case of a weight shift is W ee — w 
d cos . 

Coming now to energy considerations, assume that 
the ship has rolled to the left to angle C in Fig. 37, 
has come to rest, and is about to roll in the opposite 
direction. Between C' and the origin, the heeling mo- 
ment and the ship’s righting moment will act in the 
same angular direction, and the total moment acting 
on the ship will be represented by the vertical] distance 
between the two curves. To the right of the origin, 
these moments will act in opposite angular directions, 
and the moment acting on the ship will still be rep- 


RIGHTING MOMENT 


HEELING MOMENT 


Fig. 37 Heeling and righting moments 
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Table 8—Intact Cross Curves at Pole Height 26.00 feet above BL 
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resented by the distance between the two curves. Be- 
tween C and A, the shaded area, minus the energy 
absorbed by water resistance, corresponds to the en- 
ergy imparted to the ship that will exist, as kinetic 
energy, when the ship rolls through point A. This en- 
ergy will carry the ship to some angle D such that the 
area between the curves and between A and D is equiv- 
alent to the kinetic energy at point A, less the energy 
absorbed by the water between A and D. If there is 
not sufficient area between the curves and between A 
and B to absorb this energy, the ship will roll past 
point B and capsize. To reduce the danger of capsizing 
under these conditions, the area between the heeling 
and righting-moment curves and between A and B 
should be greater, by some margin, than that between 
C and A. As a practical matter, it may be desirable to 
establish a limit for rolling which is considerably 
smaller than angle B because of the unfavorable at- 
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titude of the ship and the probability of shipping water 
through topside openings, i.e. down flooding, at very 
large angles. 

The heeling moment produced by the movement of 
a weight aboard ship is the product of the weight of 
the item, the distance perpendicular to the ship’s cen- 
terline through which it is moved, and the cosine of 
the angle of inclination. If a weight is added to or 
removed from a ship, the heeling moment is the prod- 
uct of the weight, its distance from the ship’s center- 
line plane, and the cosine of the angle of inclination. 
The righting-moment curves on which these heeling 
moments are plotted should be adjusted, in the first 
case, for any movement of the item upward or down- 
ward parallel to the ship’s centerline, which will affect 
the ship’s center of gravity, or in the second case, for 
the height of the item relative to the ship’s center of 
gravity and the effect of the weight change on the 
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Table 9— Intact Curves of Statical Stability in Waves 
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ship’s displacement. A large weight added or removed 
may change the displacement so that the values of the 
righting arms read from the cross curves may be ap- 
preciably different from those read at the initial dis- 
placement. 

The concept of righting-arm curves, rather than 
righting-moment curves, in evaluating stability was 
used in 4.8 and 4.12. Similarly, the heeling arm is the 
heeling moment divided by the ship’s displacement. 
When heeling arms are plotted on a curve of righting 
arms, the resulting diagram has the same appearance 
as the moment curves; both sets of curves will intersect 
at the same angles; and the areas, such as the shaded 
areas between C' and A and between A and D in Fig. 
37 will have the same ratios. 

Static stability of any ship in any condition can be 
evaluated by superimposing various heeling arms re- 
sulting from specific upsetting forces (wind, turning, 
etc.) on a curve of righting arms (see 7.2). 
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4.15 The Stability Subroutine of the U.S. Navy’s Ship 
Hull Characteristics Program. The Navy’s Ship Hull 
Characteristics Program (SHCP) is a widely used set 
of computer programs for nava) architectural com- 
putations, including stability, as described in Chapter 
I. The reader should bear in mind that other computer 
programs are satisfactorily in use, and it is not the 
intention to imply that SHCP is the only acceptable 
program for obtaining cross curves and stability 
curves. 

In this section, calculation of both cross curves and 
righting arm curves for the intact ship, using the 
SHCP stability sub-routine, will be discussed. Because 
of the ease of obtaining the righting arm curves for 
as many conditions as desired by use of a computer, 
the computations are seldom stopped at the completion 
of the cross curves. However, the availability of cross 
curves enables righting arm curves for additional load- 
ing conditions to be prepared whenever needed. 
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Further details will be found in the Naval Sea Sys- 
tems Command (formerly NAVSEC) SHCP User’s 
Manual (NAVSEA, 1976). 

Once the Ship Data Table (SDT) has been established 
for the ship (Chapter I), both cross curves and righting 
arm curves (statical stability curves) can be calculated 
in one computer run. These curves can be calculated 
at up to 10 heel angles, with the maximum heel angle 
less than 90 degrees. Up to seven combinations of 
design conditions, consisting of either displacement 
and drafts, or displacement and LCG, or mean draft 
and trim are permitted. The assumed vertical center 
of gravity or the pole height. (reference height for the 
cross curves) is entered as additional input data. If the 
vertical center of gravity is not known at the time the 
program is run, an assumed value is used and an ad- 
justment is made later to the stability curves when an 
accurate value of the vertical center of gravity is 
known (the adjustment to GZ is equal to the difference 


between the actual and assumed VCG times sin 9). 

The program can be run in still water or in a specified 
wave. The program takes the ship at the initial spec- 
ified displacement and trim and heels the ship to a 
specified angle, allowing the ship to reach an equilib- 
rium position with regard to forward and after drafts. 

Cross curves are usually produced for a ship as- 
sumed to be initially at zero trim at each initial dis- 
placement or mean draft. They can be prepared for 
different trimmed waterlines, but usually it is much 
easier to input the specific loading condition (displace- 
ment, VCG, and LCG or trim) and obtain as output 
the appropriate statical stability curves. 

Tables 7-9 have been extracted from NAVSEA 
(1976), and show typical stability curve and cross curve 
outputs for a hypothetical ship with various positions 
for the longitudinal center of gravity, various trims, 
and the quasi-static effect of waves. The program also 
includes the effects of any appendages specified. 


Section 5 
Effect of Free Liquids and Special Cargoes 


5.1 Free-Surface Effect. The motion of the liquid 
in a tank that is partially full reduces a ship’s stability 
because, as the ship is inclined, the center of gravity 
of the liquid shifts toward the low side. This causes 
the ship’s center of gravity to move toward the low 
side, reducing the righting arm. 

The mathematical processes applying to the motion 
of the center of gravity of the liquid are identical to 
those applying to the motion of the center of buoyancy 
of a ship. At small angles of inclination, the liquid in 
each tank has a metacenter located at a distance equal 
to 2,/v above its center of gravity in the upright po- 
sition, where 1, is the moment of inertia of the surface 
of the liquid about an axis through its centroid and 
parallel to the centerline, and v is the volume of the 
liquid. A set of cross curves can be developed for a 
tank which shows, for each of the various angles of 
heel, and for varying quantities of liquid, the distance 
that the center of gravity moves in a direction parallel 
to the inclined waterline. 

The usual practice in evaluating the effect of free 
surface in a ship’s tanks is to assume the most un- 
favorable disposition of liquids likely to occur. If a 
tank is empty or completely full, there is no effect. The 
maximum effect occurs when a tank is about half full. 
Therefore, it is customary to assume that the largest 
tank in each of the systems, or the largest pair of 
tanks if they are in pairs, is half full. This assumption 
is made even when a full-load condition is being stud- 
ied, since a free surface will develop shortly after the 
ship leaves port. In the fuel-oil system, the settling 


tanks also are assumed to be half full. Fuel-oil tanks 
which are nominally full of fuel are considered to be 
either about 95 percent full in naval practice or about 
98 percent full in the case of a merchant ship, to allow 
for expansion of the oil without overflowing, and will 
therefore have some free-surface effect. A ballasted 
fuel-oil tank or a nominally full water tank should be 
completely full, and have no effect. If “split plant” 
operation is practiced, which involves dividing the sys- 
tem into two or more independent sections to enhance 
reliability in the event of damage, the largest tank or 
pair of tanks in each section is assumed to be half full. 

When the stability of a damaged ship is being in- 
vestigated, it is essential that the assumptions as to 
tank loading be consistent with the flooding assumed. 
For example, if one of a pair of tanks is assumed to 
be a source of off-center flooding, that pair should not 
be assumed to contain liquid or have a free-surface 
effect in preparing the weight estimate. 

5.2 Evaluation of Effect of Free Surface on Meta- 
centric Height. The theoretical effect of free surface 
on metacentric height can be assessed by assuming 
that the weight of the liquid in each tank acts at the 
metacenter of the tank, because, at any small angle 
of heel, a vertical line through the actual center of 
gravity will pass through this point. This is equivalent 
to assuming that the weight of the liquid in each tank 
is raised from its centroid in the upright position to 
its metacenter, a distance of i,/v. This increases the 
vertical moment of the mass of the ship by (w/g) 
(t,/v), where w is the weight of the liquid. If the spe- 
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cific volume of the liquid, expressed as volume/ mass, 
is designated as 5, then w/g = v/6 and the increase 
in vertical mass moment becomes 


an expression which is independent of the quantity of 
liquid in the tank. Therefore, for any condition of load- 
ing, free surface may be evaluated for small angles 
of heel, by adding the values of 7,/6 for all tanks in 
which a free surface exists. If this summation, which 
is the increase in vertical moment due to the free sur- 
face, is divided by the ship’s displacement, the result 
will be the rise in the ship’s center of gravity caused 
by the free-surface effect. This rise, called the free- 
surface correction is added to KG, the height of the 
ship’s center of gravity above the keel, resulting in an 
equivalent reduction in the metacentric height. Hence, 
with displacement in mass units, 


GMoor = KB + BM — KG — i,/8-A 
or with displacement in weight units, 
GMoon = KB + BM — KG — gi,/8-W (15a) 


It has been pointed out previously that the meta- 
centric height, when multiplied by the weight of the 
ship and the sine of the angle of inclination, provides 
a fairly accurate evaluation of the righting moment 
up to 7, or perhaps 10, deg. The same is true of the 
metacentric height when reduced in the manner just 
described to take account of the effect of free liquid, 
provided that the surface of the liquid does not reach 
the top or bottom of the tank during this inclination. 
In cases where the tank is about half full, this treat- 


(15) 


ment of free surface is accurate except in the case of 
a wide double-bottom tank. When a tank is 95 or 98 
percent full, this treatment would be accurate only in 
the case of a narrow deep tank where the surface of 
the liquid would not reach the top of the tank at those 
inclinations at which the metacentric height provides 
a reasonably accurate index of righting moment. 

In making the loading calculations discussed in Sec- 
tion 3.8, free surface corrections to GM must be made 
on the basis of reasonable assumptions regarding the 
condition of all tanks. In the full load departure con- 
dition, for example, it is customary to modify the con- 
dition to allow for free surfaces shortly after departure 
by assuming that service fuel tanks are half-full. The 
largest pair of storage fuel tanks may be assumed 
empty, but with maximum free surface effect acting 
(for a non-compensating system), and potable and re- 
serve feed water may be reduced to two-thirds full. 
For naval ships with a compensating system the same 
assumptions are made except that 100 percent sea 
water ballast is carried in one pair of storage fuel tanks 
instead of assuming a pair of empty tanks. 


5.3 Evaluation of Effect of Free Surface on Righting 
Arm. The effect of free liquid in a tank is to cause 
the center of gravity of the liquid to shift through a 
certain distance d, parallel to the inclined waterline. 
If the weight of the liquid is w and the displacement 
of the ship W, the center of gravity of the ship will 
move parallel to the inclined waterline through a dis- 
tance (d-w)/W, reducing the righting arm by that 
amount. Hence, the reduction in GZ is (d-w)/W, or 
d-w/g)/A in mass units.The quantity d-w/g is known 
as the moment of transference. When free surface 


Table 10—Factors for Moment of Transferrence—Tanks 50 Percent Full 


Ratio of 

depth to Angle of inclination, deg 

breadth 10 20 30 40 50 60 70 80 90 
0.1 0.13 0.14 0.14 0.12 0.11 0.09 0.06 0.04 0.02 
0.15 0.17 0.21 0.21 0.19 0.16 0.14 0.10 0.07 0.03 
0.2 0.18 0.27 0.27 0.26 0.23 0.20 0.16 0.11 0.06 
0.25 0.18 0.31 0.34 0.33 0.30 0.26 0.21 0.16 0.09 
0.3 0.18 0.35 0.40 0.40 0.37 0.38 0.27 0.21 0.14 
0.4 0.18 0.36 0.50 0.53 0.51 0.47 0.41 0.33 0.24 
0.5 0.18 0.36 0.57 0.65 0.66 0.63 0.56 0.47 0.38 
0.6 0.18 0.36 0.58 0.74 0.80 0.79 0.74 0.65 0.54 
0.7 0.18 0.36 0.58 0.83 0.94 0.96 0.92 0.85 0.74 
0.8 0.18 0.36 0.58 0.87 1.06 1.18 1.12 1.06 0.96 
0.9 0.18 0.36 0.58 0.87 1.16 1.30 1.34 1.30 1.22 
1.0 0.18 0.36 0.58 0.87 1.24 1.47 1.56 1.56 1.50 
1.2 0.18 0.36 0.58 0.87 1.31 1.7 2.0 2.1 2.2 
1.5 0.18 0.36 0.58 0.87 1.31 2.0 2.7 3.1 3.4 
2.0 0.18 0.36 0.58 0.87 1.31 2.2 3.7 5.0 6.0 
3.0 0.18 0.36 0.58 0.87 1.31 2.2 4.5 9.3 13.5 
4.0 0.18 0.36 0.58 0.87 1.31 2.2 4.5 13.4 24.0 
5.0 0.18 0.36 0.58 0.87 1.31 2.2 4.5 16.2 37.0 
6.0 0.18 0.36 0.58 0.87 1.31 2.2 4.5 16.8 54.0 
7.0 0.18 0.36 0.58 0.87 1.31 2.2 4.5 16.8 73.0 
8.0 0.18 0.36 0.58 0.87 1.31 2.2 4.5 16.8 96.0 
9.0 0.18 0.36 0.58 0.87 1.31 2.2 4.5 16.8 121.0 

10.0 0.18 0.36 0.58 0.87 1.31 2.2 4.5 16.8 150.0 
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Table 11—Factors for Moment of Transferrence—Tanks 95 Percent Full 


Ratio of 

depth to —  —_———_ Angle of inclination, deg 

breadth 10 20 30 40 50 60 70 80 90 
0.1 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.00 
0.15 0.04 0.04 0.04 0.03 0.03 0.02 0.02 0.01 0.01 
0.2 0.05 0.05 0.05 0.04 0.04 0.03 0.03 0.02 0.01 
0.25 0.06 0.06 0.06 0.06 0.05 0.04 0.03 0.03 0.02 
0.3 0.06 0.07 0.07 0.07 0.06 0.05 0.04 0.04 0.03 
0.4 0.08 0.09 0.09 0.09 0.08 0.07 0.06 0.05 0.05 
0.5 0.10 0.11 0.11 0.11 0.10 0.09 0.08 0.07 0.07 
0.6 0.11 0.138 0.18 0.13 0.12 0.11 0.10 0.09 0.10 
0.7 0.12 0.14 0.15 0.15 0.14 0.13 0.12 0.11 0.14 
0.8 0.13 0.16 0.17 0.17 0.16 0.14 0.13 0.14 0.18 
0.9 0.14 0.18 0.19 0.18 0.18 0.16 0.15 0.16 0.23 
1.0 0.15 0.19 0.20 0.20 0.20 0.18 0.17 0.18 0.28 
1.2 0.16 0.22 0.24 0.24 0.24 0.23 0.22 0.23 0.41 
1.5 0.17 0.25 0.28 0.29 0.29 0.29 0.28 0.31 0.64 
2.0 0.18 0.30 0.35 0.38 0.38 0.38 0.39 0.45 1.14 
3.0 0.18 0.36 0.46 0.52 0.56 0.58 0.62 0.77 2.6 
4.0 0.18 0.36 0.53 0.64 0.71 0.78 0.87 1.12 4.6 
5.0 0.18 0.36 0.57 0.74 0.85 0.96 1.12 1.5 7.1 
6.0 0.18 0.36 0.58 0.80 0.97 1.14 1.36 1.9 10.3 
7.0 0.18 0.36 0.58 0.85 1.09 1.30 1.6 2.3 14.0 
8.0 0.18 0.36 0.58 0.87 1.16 1.46 1.9 2.7 18.2 
9.0 0.18 0.36 0.58 0.87 1.22 1.6 2.1 3.2 23.0 

10.0 0.18 0.36 0.58 0.87 1.27 1.7 2.3 3.6 28.5 


is present in a number of tanks, the summation of 
d-w/g for the various tanks, divided by the displace- 
ment of the ship, gives the total reduction in righting 
arm. 

If the surface of the liquid has not reached the top 
or bottom of the tank, the distance d is equal to the 
distance from the center of gravity of the liquid with 
the ship in the upright position to the metacenter of 
the liquid, which is equal to 7,/v, multiplied by the 
sine of the angle of inclination. Therefore, 


d - = sin } 
or since w/g = 0/5 
iS sz sin = ~ sin 6 


The moment of transference is thus seen to be inde- 
pendent of the quantity of liquid in the tank. 

If the surface of the liquid has reached the top or 
bottom of the tank, the moment of transference will 
be reduced, and may be expressed by the product of 
i,/8 and some factor less than sin @, or 

d-w _ C 1, 

g 3) 
The value of C depends on the degree of fullness, the 
ratio of depth to breadth of the tank and the angle of 
inclination, each of which has some influence on the 
degree to which the motion of the liquid is suppressed. 

Evaluation of the factor C' is simplified by the fact 
that the tanks that contain liquid are assumed to be 
full, half full, 95 percent full in naval practice or 98 
percent full in merchant practice. 

Tables 10, 11 and 12 contain the results of a series 


of calculations, similar to those for the cross curves, 
which can be used to evaluate the free-surface effect. 
These tables show, for rectangular tanks 50, 95 and 
98 percent full, for various values of the depth/ 
breadth ratio, and for various angles of heel, the fac- 
tors to be applied to the value of 7,/6 to obtain the 
moment, i.e., the weight of the liquid times the com- 
ponent of its motion parallel to the inclined waterline, 
generated by the movement of the liquid in the tank. 
The summation of these moments, for all slack tanks, 
divided by the displacement of the ship, is the reduction 
in righting arm due to the free-surface effect. 

To illustrate the method of using the tables to find 
the effect of free surface on the ship’s righting arm, 
assume the following: 


Displacement of ship: 2000 t 
Dimensions of tank: / = 9.15m (80 ft) 
b = 6:1m (20 ft) 
d = 1.22m (4 ft) 
Contents of tank: 50 percent full F.W. 
Angle of heel: 30 deg 


Then 
(9.15 x 6.18) = 173m‘ 


Pee 

7 12 
6 (for fresh water) = 1m* per t 

Depth/breadth = 1.22/6.1 = 0.20 

From Table 10 (tanks 50 percent full) for d/0 of 0.2, 


at 30 deg inclination, C is 0.27 


Moment of transference = 0.27 x = 0.27 x 
173 = 46.7 t—m 
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46.7 _ 


Reduction in righting arm at 30 deg = 5000 


0.023m 


Fig. 38 illustrates the method used in determining 
the factor 0.27. Since the depth of the tank is 1.22m 
(4 ft), the center of gravity of the liquid in the upright 
position (as used in the weight estimate) is on the 
centerline and 0.3m (1 ft) above the bottom. At the 30 
deg inclination, the center of gravity of the liquid is 
0.54m (1.77 ft) above the bottom and 1.46m (4.79 ft) 
from the centerline. 

Considering the shift of the center of gravity both 
parallel and normal to the bottom, the horizontal com- 
ponent when inclined is, 


1.46 cos 30 deg + (0.54 — 0.3) sin 30 deg = 1.388m 


The mass of the liquid is, 


2 
eT aie! 


6 
where / is the length of the tank and 6 is the specific 
volume of the liquid. 


The moment of transference is, 
4 4 
1.38 x 3.72 — = 5.13 ~ 
ite 5 
ip 1X ¢ &X (6.1)? 
6 128 
the transverse moment of inertia. 
Thus, the ratio of the moment of transference to 


2 which is the factor C in the table, is, 


The value 


18.9 . where i; is 


5.138 2/6 


18.9 2/8 mele 
Thus it is clear that this factor is independent of the 
length of the tank and the specific volume of the liquid. 

An accurate evaluation of the free-surface effect on 
a normal ship would require an excessive amount of 
calculation. In many cases, the tanks are not rectan- 
gular; often, when formed by the shell and a longi- 
tudinal bulkhead, they are not symmetrical. If certain 
approximations are adopted, however, a practical de- 
gree of accuracy can be attained, with results some- 
what on the safe side, without undue effort. These 
approximations follow. 

(a) Where the total moment of inertia of all tanks 
having free liquid in m‘ is numerically not more than 
17 times the displacement in t, assume that the weight 
of the liquid in each slack tank acts at its metacenter 
at all angles of inclination. With this assumption, the 
reduction in righting arm is the summation of i,/6 for 
the various tanks, divided by the ship’s displacement 
and multiplied by the sine of the angle of heel. When 
the ratio of 7, to A is 17 or less, the tanks would be 
predominantly of the deep variety, for which the values 
of the factor C approach the value of the sine. Since 
the free surface is not large, this approximation is 
acceptable. 

(b) Where the total moment of inertia is more than 
17 times the displacement, calculate the moment of 
transference instead of assuming that the weight of 
the liquid in each tank acts at its metacenter. 

(c) Where a tank is not rectangular in plan view, 
the breadth at the narrow end may be used to deter- 
mine the value of depth/ breadth to be used in entering 


Table 12—-Factors for Moment of Transferrence—Tanks 98 Percent Full 


Ratio of 

depth to Angle of inclination, Ke 

breadth 10 20 30 40 50 70 80 90 
0.1 0.01 0.01 0.01 0.01 0.01 0. Hi 0.01 0.00 0.00 
0.15 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.00 
0.2 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 
0.25 0.03 0.08 0.02 0.02 0.02 0.02 0.01 0.01 0.01 
0.3 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.01 0.01 
0.4 0.04 0.04 0.04 0.04 0.03 0.03 0.02 0.02 0.02 
0.5 0.05 0.05 0.05 0.04 0.04 0.03 0.03 0.02 0.03 
0.6 0.05 0.06 0.06 0.05 0.05 0.04 0.03 0.03 0.04 
0.7 0.06 0.07 0.07 0.06 0.06 0.05 0.04 0.04 0.06 
0.8 0.07 0.07 0.07 0.07 0.06 0.06 0.05 0.04 0.08 
0.9 0.08 0.08 0.08 0.08 0.07 0.06 0.05 0.05 0.10 
1.0 0.08 0.09 0.09 0.09 0.08 0.07 0.06 0.05 0.12 
1.2 0.09 0.11 0.11 0.10 0.10 0.09 0.08 0.07 0.17 
1.5 0.11 0.18 0.13 0.13 0.12 0.11 0.10 0.09 0.27 
2.0 0.13 0.16 0.17 0.17 0.16 0.15 0.13 0.14 0.47 
3.0 0.16 0.22 0.24 0.24 0.24 0.22 0.22 0.23 1.06 
4.0 0.17 0.27 0.30 0.31 0.31 0.30 0.30 0.34 1.9 
5.0 0.18 0.30 0.35 0.38 0.38 0.38 0.39 0.45 2.9 
6.0 0.18 0.33 0.40 0.44 0.46 0.46 0.48 0.58 4.2 
7.0 0.18 0.35 0.44 0.49 0.52 0.54 0.58 0.70 5.8 
8.0 0.18 0.36 0.48 0.55 0.59 0.62 0.67 0.84 7.5 
9.0 0.18 0.36 0.51 0.60 0.65 0.70 0.77 0.98 9.5 
10. 0.18 0.36 0.54 0.64 0.71 0.78 0.87 1.12 11.8 
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INCLINED WL (30°) 


Fig. 38 Free surface effect at large angles 


the tables. If the variation in breadth is very large, 
the breadth of a rectangular tank having the same 
moment of inertia may be used. 

(d) Where a tank is not rectangular in cross sec- 
tion, the greatest depth of the tank may be used in 
determining the depth/breadth ratio. If the variation 
in depth is large, or if the tank if not approximately 
rectangular in section, the depth may be taken as that 
of a rectangular tank having the same ullage and 
therefore very nearly the same movement of liquid. 
For example, if the surface of the liquid is 0.15m (0.5 
ft) from the top of the tank, the movement of the liquid 
at the smaller angles of heel would be very nearly the 
same as in a rectangular tank, 95 percent full, having 
the same breadth and a depth of 3.05m (10 ft). 

(e) Sufficiently accurate results may usually be ob- 
tained without interpolating in the tables. If the value 
of depth/breadth falls between two in the table, 
slightly pessimistic results will be obtained if the next 
higher value of depth/breadth in the table is used. 
This will not only eliminate interpolating, but may also 
permit grouping a number of tanks having very nearly 
the same depth/breadth ratio so that the values of 
1,/6 may be added before the coefficients in the table 
are applied. 

While the foregoing approximations will give sat- 
isfactory results for the normal! ship with tanks of 
normal size and shape, they should not be applied in- 
discriminately. For some unusual craft, these approx- 
imations may be unsuitable. The only rigorous method 
of evaluating free-surface effect is by calculating the 
actual moment of transference for the liquid in each 
slack tank for several angles of inclination. 

5.4 Adjustment of Metacentric Height for Free Sur- 
face. Most merchant ships have several wide double- 
bottom tanks containing fuel oil, of which all but one, 
or one pair, will be assumed to be 98 percent full. In 
such cases, if the effect of free liquid on metacentric 
height were to be evaluated by assuming that the 
center of gravity of the liquid in each of the tanks 


were at its metacenter, a gross exaggeration of the 
loss of righting moment would be obtained at angles 
beyond 1 or 2 deg. The practice which has been adopted 
to produce a more reasonable value for the free-sur- 
face effect is to determine the effect of free liquid on 
the righting arm at an arbitrarily selected angle of 5 
deg, and translate the reduction in righting arm at 5 
deg into a reduction in metacentric height by dividing 
it by the sine of 5 deg. The effect of this assumption 
is to produce a value of metacentric height, adjusted 
for free liquid, which, when multiplied by the weight 
of the ship and the sine of the angle of inclination, will 
give, very nearly, the correct value for the righting 
moment at 5 deg inclination. 

To facilitate application of this assumption, Fig. 39 
may be entered with the breadth and depth of a tank 
that is 98 percent full, and a value of moment of inertia 
read that may be used in place of the actual moment 
of inertia of the surface of the liquid. If this is done 
for all tanks that are 98 percent full, and the actual 
moment of inertia used for those tanks that are half 
full, the adjusted value of metacentric height will give, 
very nearly, the correct righting moment at 5 deg 
inclination. (Note that Fig. 39 is in English units of 
feet for length and feet* for moment of inertia. Con- 
version is necessary when using SI units). 

The value of the moment of inertia read from Fig. 
39 is not the moment of inertia of any actual free 
surface, but is the moment of inertia of the surface in 
an imaginary tank which would have the same effect 
on the righting arm at 5 deg as the tank being con- 
sidered, if the depth of the imaginary tank were great 
enough so that the surface of the liquid would not 
reach the top or bottom of the tank at 5 deg heel. 

As an example, consider a rectangular tank 6.10m 
wide (20 ft) and 1.52m deep (5 ft), 98 percent full, and 
heeled to 5 deg. When the ship is upright, the center 
of gravity of the liquid would be on the centerline of 
the tank, 0.75m (2.45 ft) from the bottom. When the 
ship is heeled to 5 deg. the center of gravity of the 
liquid is 0.05m (0.16 ft) from the centerline and 0.75+ 
m (2.45 ft) from the bottom. The shift of the center of 
gravity is parallel to the waterline at 5 deg. heel and 
is equivalent to a horizontal plus a vertical shift, 


0.05 cos 5 deg + (0.75+ — 0.75) sin 5 deg 
= 0.05m (0.16 ft) 


If v/6 is the mass of liquid in the tank, the shift of 
the center of gravity of the liquid parallel to the water- 
line would move the ship’s center of gravity a distance 
parallel to the water line, 

Vv 


5x A 


ie 0.05 x 0.98 x 1.52 x 6.10 x #@ se 0.45 # 
&BxA 8xA 


0.05 x 
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b= WIDTH OF TANK IN FEET 


FOR TRAPEZOIDAL TANKS 
TAKE"b' AT 0.6 2 


EFFECTIVE FREE SURFACE 

PER FOOT OF LENGTH 

AT 5 DEG. HEEL AND 98 
PERCENT (OR 2 PERCENT) FULL 


INERTIA/£ , FEET * 


Fig. 39 Effective free surface at 5 deg. heel (English units) 


where the length of the tank is / and the specific 
volume is 6. Thus the shift will reduce the righting 
arm by that amount. Moving the ship’s center of grav- 
ity this distance parallel to the waterline at 5 deg 
inclination has the same effect on righting arm as mov- 
ing it upward parallel to the ship’s centerline a distance 
P 0.454 5.162 

8A sin 5 deg SA 
height by that amount. Since the reduction in meta- 
centric height produced by the liquid in the imaginary 
tank in which the surface does not reach the top or 


1, 1, 5.167 

bottom would be SA! then SA SA or i, = 5.162, 
or 1802 in ft. The latter value of moment of inertia 
per unit of length may be read from Fig. 39 for a tank 
having a depth of 1.52m (5 ft) and a width of 6.10m 
(20 ft). 

When this adjustment to metacentric height for 
tanks 98 percent full is used to determine whether 
stability is adequate, it should be realized that the 


and reducing the metacentric 


righting moment obtained from the expression A-GM 
sin ¢ is valid only at 5 deg inclination. For smaller 
angles, the actual righting moments will be less than 
indicated, and for greater angles, they will be greater. 
The fact that this formula produces excessive righting 
moments at angles less than 5 deg is not important, 
since the ship is in no danger if the angle of heel is 
less than 5 deg. When the upsetting moment is suffi- 
cient to heel the ship beyond 5 deg, however, it may 
be profitable to make a more accurate evaluation of 
righting moment by the use of cross curves with ad- 
justments to righting arm for the effect of free liquid 
at larger angles of heel, to avoid too greatly under- 
estimating the ship’s stability. 

The empirical nature of the above procedure is em- 
phasized. It is used when calculations for actual re- 
duction in righting arms due to free surface are too 
laborious to be practical. Use of computers in deter- 
mining righting arm and free surface corrections will 
often obviate the need to use the above approximation. 

5.5 Determination of Moment of Inertia of Free Sur- 
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face. The process of determining the moment of in- 
ertia of the surface in a rectangular tank is relatively 
simple, since the moment of inertia about an axis 
through the centroid of the surface is given by 


Many tanks, however, are trapezoidal in plan view, 
while others may have one or more curved sides; in 
such cases the process is more complex. 

In most cases it will be sufficiently accurate to con- 
vert each tank shape to the best equivalent rectangular 
shape and then approximate the moment of inertia for 
the rectangular shape. This procedure is particularly 
practical when other calculations are approximate and 
the free surface correction is used to provide an in- 
dication of the reduction in GM due to free surface 
when making an early determination of adequacy of 
stability. 

5.6 Numerical Example of Free Surface Calcula- 
tion. The following sample calculation is for a small 
Navy AM421-class ship, with tank layout and dimen- 
sions shown in Fig. 40: 

5.7 Effect of Free Surface on Trim. Free liquid on 
a ship acts in the fore-and-aft direction in the same 


manner as in the transverse direction. For an intact 
ship with normal tankage, the effect of free liquid on 
trim is so smal] that it may be ignored. Its magnitude 
is small in comparison to the assumption in the formula 
for moment to trim one cm, described in Section 8, 
so that the center of gravity is at the same height as 
the center of buoyancy. On unusual craft, however, 
free liquids may have an important effect on trim. 

For a submerged submarine, the effect of free liquid 
is significant in comparison to the longitudinal stabil- 
ity, but under normal circumstances the trim is care- 
fully adjusted to zero in the submerged condition. 

5.8 Effect of Tank Size on Free Surface. The sub- 
division of large tanks into two or more smaller tanks 
may be an effective method of improving stability by 
suppressing the motion of free liquids. 

To illustrate, assume that a fuel tank 1.22m (4 ft) 
deep, 12.20m (40 ft) long and 12.20m (40 ft) wide has 
been subdivided at the center by a longitudinal bulk- 
head. The value of i,/8 before the division was 
1 (12.2) 
12 1.06 


equivalent to — 


= 1742 meter-tons which is approximately 


1 40 (40)° . : 
ec = 5600 ft-tons in English 


units, allowing for rounding off. 


Fig. 40 Tank arrangement for free surface calculations 


Diesel Oil tanks 


2 tanks x 1/12[5.1 m x (2.9 m)}*] 
1 tank: 1/12 28 x Beet 
1 tank: 1/12[2.5 x (2.55) 


Fresh Water tanks 
2 tanks x 1/12[8.6 m x (1.9m)*} 


Free Surface correction: 


= 20.7m* 

= 6.6 

= 3.5 

i = 30.8m‘ 
: 30.8 
1/6 = itm = 26.3 m-t 
4.15m‘ 

‘ 4,15 m* 
1/8 0 m7t 4.15 m-t 


Total 1/6 = 2634+415 = 30.5 mt 
Displacement = TT41t 
1/8 — 30.5 mt = 0.04m 


A Mt 


100 


After the subdivision there would be two tanks, each 
12.2m (6.1) 

106m?/t 217.7 me 
ter-tons, or 485 meter-tons for both tanks (1400 ft- 
tons). This means a free surface correction one quarter 
that of the original single tank. If the tanks were half 
full, the moments of transference from Table 10 with 


1 
tank having an 7,/6 of TH x 


: ratios of 0.1 and 0.2 would be as given in Table 13. 


Table 13—Effect of Tank Size, Shallow Tank 


Angle Before After 
of heel, Factor Moment Factor Moment 
deg d/b = 0.1 i,/8 = 1742 d/b = 0.2 1,/8 = 485 
10 0.13 226 0.18 8 
20 0.14 244 0.27 17 
30 0.14 244 0.27 7 
40 0.12 209 0.26 113 
50 0.11 192 0,23 100 
60 0.09 157 0.20 87 


For a deeper tank, the percentage reduction would 
be more pronounced at the smaller angles, but about 
the same at 60 deg. If the depth had been 6.1m (20 
ft), the figures would be as given in Table 14. 


Table 14—Effect of Tank Size, Deep Tank 


Angle Before After 
of heel, Factor Moment Factor Moment 
deg d/b = 0.5 i,/8 = 1742 d/b = 1.0 1,/8 = 435 
10 0.18 314 0.18 18 
20 0.36 627 0.36 157 
30 0.57 923 0.58 252 
40 0.65 1132 0.87 375 
50 0.66 1150 1.24 539 
60 0.63 1097 1.47 639 


If the change in metacentric height due to subdivid- 
ing the same tanks were to be evaluated, the effect 
for the shallow tank would be the same as for the 
deeper tank. In each case the value of i,/8 would be 
1742m-tons before subdivision and 435m-tons after, 
indicating that the effect of free surface is reduced to 
25 percent of its former value. It can be seen from 
Tables 13 and 14 that this degree of improvement is 
not attained at the larger angles of heel, after the 
surface of the liquid has reached the top or bottom of 
the tank. Since we are interested in the improvement 
in righting arms at large angles of heel rather than 
at very small angles, the change in metacentric height 
produced by subdividing tanks is not an adequate index 
for judging the effectiveness of this measure. 

Subdividing tanks in order to improve stability in- 
volves a compromise, since it requires considerable 
increase in structure, piping, and fittings. If only the 
largest tank is subdivided, the improvement is not the 
difference between that tank and the two into which 
it is divided, but the difference between that tank and 
the one that was second largest, which may not be 
much smaller. To obtain an effective improvement, it 
may be necessary to subdivide nearly all the tanks on 
the ship, with additional tail pipes, manholes, sounding, 
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overflow and air-escape piping, and additional compli- 
eation in the operation of the system. 

5.9 Effect of Two Liquids. In some cases, a tank 
will contain two different liquids. For example, some 
mixed liquid cargos are not true solutions and may 
separate. Compensating tanks are known to have dif- 
ferent liquids in the same tank. 

Examples are gasoline tanks in which sea water is 
introduced at the bottom as gasoline is drawn from 
the top to avoid the accumulation of explosive mix- 
tures, submarine diesel oil tanks in which the oil is 
replaced by sea water to preserve submerged equilib- 
rium, and tanks on some diesel-driven surface type 
ships in which a compensating system is used to 
improve stability. In the latter case, the stability im- 
provement results from maintaining low weight in the 
ship, reduction of free surface and reduction in the 
effect of possible off-center flooding after damage. 

Although these tanks are always completely full of 
liquid, a free-surface effect exists at the interface 
which will remain parallel to the waterline as the ship 
inclines. There will be a wedge on the low side in which 
the lighter liquid will be replaced by the heavier, and 
a wedge on the high side in which the heavier liquid 
will be replaced by the lighter. This effect may be 
evaluated by using, as the value of 7,/8, the i,/8 for 
the heavier liquid minus the 7,/8 for the lighter. 

5.10 Effect of Anti-roil Tanks. Chapter VII dis- 
cusses various anti-roll devices, one of which is the 
anti-roll tank. Such a tank may have a deck view con- 
figuration as shown in Fig. 41. The tank is usually 
filled to about 50 percent capacity and, thus, has a 
significant free surface effect when the ship is not 
rolling. The best calculation method is to treat the shift 
of liquid from one side to the other as a moment 
transference at each angle of heel and to make the 
appropriate correction to the righting arm curve. Free 
surface effect on initial GM at zero heel should be 
calculated as though there are two separate tanks, 
each filled to 50 percent capacity. (This free surface 
correction is added to the other free surface correc- 
tions for tanks to obtain a GM (or KG) corrected for 
free surface. 

5.11 Bulk Dry Cargo. Bulk dry cargo, such as ore, 
coal or grain, may redistribute itself if the ship rolls 
or heels to an inclination greater than the angle of 
repose of the substance carried (angle of repose is the 
angle between a horizontal plane and the cone slope 
obtained when bulk cargo is freely poured onto this 
plane). Thus a ship may start a voyage with the upper 
surface of such a cargo horizontal and with the cargo 
evenly distributed throughout the space. But if the 
ship rolls sufficiently to cause a cargo shift, a list will 
result. A ship which has listed due to even a slight 
shift of cargo is open to the danger that it may later 
roll to increasing angles on the low side with further 
shifting of the cargo. Ships have been known to capsize 
from such progressive shifting of cargo. 

Furthermore, all cargoes are directly influenced by 
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the seaway-induced motions of the ship, which produce 
significant angular and lateral accelerations. In a rap- 
idly rolling ship, such cargoes may shift even when 
the maximum angle of roll is less than the angle of 
repose of the cargo, because of the dynamic effects of 
rolling. Calculations using motion dynamics show that 
the accelerations involved in rolling produce a greater 
likelihood of cargo shifting when the cargo is located 
above the ship’s CG (as in the ’tween decks) rather 
than below (in the hold). See Chapter VII. 

One design approach for ships intended to carry dry 
bulk cargoes is to adjust hold volumes to suit the cargo 
density, so that holds will normally be full when loaded. 
Small hatches and sloping sides at the top of the com- 
partment will reduce the danger of shifting cargo. For 
general cargo ships that may sometimes carry bulk 
cargo it is essential to provide for fitting one or more 
longitudinal subdivisions in the holds and ’tween decks 
to minimize the possibility of shift of cargo in heavy 
seas. Such temporary subdivision bulkheads are called 
shifting boards. Usually they consist of wooden planks 
laid edge to edge in steel channels or the equivalent. 
In all cases it is essential to ascertain that adequate 
stability can be attained in operation to cope with any 
anticipated cargo, considering the restraints actually 
available. Of course, the ship operator is responsible 
for reviewing such factors prior to every voyage. 

Some guidance in the design of ships to carry solid 
cargoes in bulk is provided by the IMO Code of Safe 


Practices for Solid Bulk Cargoes (IMO, 1980.) The 
code includes technical information for a list of possible 
bulk cargoes, including static angles of repose. How- 
ever, it has been recently determined that some of 
these cargoes change their physical characteristics 
with changes in moisture content, temperature and 
other factors. Some cargoes, especially certain ores, 
may act much like a semi-liquid slurry when only a 
small amount of moisture is present and will then shift 
much more readily. See Green (1980). These phenom- 
ena have been the subject of much international dis- 
cussion, and the IMO is encouraging research. 

Grain has long been recognized as a dangerous 
cargo because of its tendency to flow or shift in the 
hold of a rolling ship. In the past both national and 
international regulations (SOLAS, 1948 and 1960) re- 
lied heavily on the use of feeders from ’tween decks 
to holds, which were intended to allow grain to flow 
downward to keep the hold full as the grain settled. 
Continued reports of grain cargo shifting, with some 
ship losses, led to a new investigation of the problem, 
which showed that even with feeders holds could not 
be assumed to be full and that shifting boards were 
still of great value in many cases. New grain regu- 
lations were developed that changed emphasis from 
attempting to prevent grain shifting to making sure 
that the worst possible heeling moments will not ex- 
ceed acceptable limits for each ship and loading con- 
dition. These regulations (IMO, 1973) have been 
adopted for cargo ships by the U.S. Coast Guard (46 
CFR 93.20). The IMO resolution, along with SOLAS 
(1960) and other useful information, is given in, Gen- 
eral Information on Grain Loading. (National Cargo 
Bureau, 1978.) See also SOLAS (1974). In the United 
States, the National Cargo Bureau represents the 
Coast Guard for review of grain loading plans and 
safe bulk cargo stowage on U.S. flag vessels. 

5.12 Suspended Cargo or Weight. In the case 
where meat or similar cargo is suspended from a point 
above its center of gravity, sometimes it is hooked into 
eyes under the deck above the hold. This method of 
stowage calls for special correction in the calculation 
of GM. A weight suspended from a boom is a similar 
case and serves as a convenient explanatory example. 

The center of gravity of a weight suspended freely 
from a boom will remain vertically below the end of 
the boom, regardless of the list of the ship. The point 
of suspension, therefore, is the metacenter through 
which the weight acts. It makes no difference in the 
stability of the vessel whether the weight hangs high 
above the deck or not, provided the point of support 
remains the same. A suspended weight may be treated 
as though its center of gravity were at the point of 
support. Obviously, if a full cargo, such as meat, were 
suspended from several feet above its own center of 
gravity, the metacentric height of the vessel would be 
appreciably less than it would have been with an equal 
weight of unsuspended cargo. 
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Section 6 
Effect of Changes in Weight on Stability 


6.1 Effect on Displacement and Center of Gravity. 

(a) Principles. The effect of changes in weight on 
the ship’s displacement and center of gravity may be 
evaluated by the method used in the weight estimate 
(Section 2) and loading calculations (Section 3). This is 
a tabulation of items of weight with corresponding 
levers from the three reference planes, the resulting 
moments, and a summation of weight and moments. 
An item which is removed is entered as a negative 
weight, and, if the lever is positive, the moment will 
be negative. If the lever is negative, as it may be in 
the case of port and starboard moments about the 
centerline plane, the sign of the moment will be op- 
posite to that of the weight. If the present weight and 
moments of the ship are entered in the tabulation, 
followed by those of the items to be added and/or 
removed, the totals will represent the ship after the 
changes are accomplished. 

The use of the tabular form is convenient when a 
number of items are involved. When only a single item 
already aboard ship is moved, the ship’s center of grav- 
ity will move in a direction parallel to the motion of 
the center of gravity of the item moved. The shift G, G, 
parallel to any axis can be determined from the prin- 
ciple that 


W G,G, = wd or 
iG wd/W 


(16) 


Q 


lI 


Nn 


where w is the weight (mass w/g) of the item moved 
and d is the distance moved. 

A problem which frequently arises is to find how 
much weight must be added in a given position to move 
the ship’s center of gravity a given distance. 

(6) Numerical Example. Assume that just enough 
ballast is to be added at a level 0.5m above the keel 
to lower the center of gravity of a 10,000-t ship from 
7m (17 ft) above the keel to 6.5m (15.7 ft) above the 
keel. This problem could be solved in either of two 
ways, both giving the same result. Let the added bal- 
last = w/g, t. 


Method 1 
Vertical 
Mass, moment, 
t VCG m-t 
Original condition 10,000 7.0 70,000 
Add ballast w/g 0.5 0.5w/g 
New condition 10,000 + w/g 70,000 + 0.5w/g 


Since required VCG = 6.5m, the required vertical moment 
will be: 


(10,000 + w) 6.5 = 70,000 + 0.50 
and w/g = 833 t 


Method 2 


Original A = 10,000 t @ VCG = 7.0m. 
Add ballast, w/g @ VCG; then lower to 0.5 m. 
New A = 10,000 + w/g @ VCG = 6.5m. 


To lower VCG from 7m to 6.5m, a reduction in vertical 
moment of (10000 + w/g) 0.5m is required. This is 
obtained by lowering the ballast from 7m to 0.5m (the 
height of the installation.) Therefore, w/g(6.5m) = 
(10000 + w/g) 0.5m and w/g = 8838 t. 

6.2 Effects on Stability. The effect of weight 
changes on a ship’s stability can be evaluated by re- 
calculating the righting arms and the metacentric 
height for the revised values of displacement and the 
vertical and transverse positions of the center of grav- 
ity. The effect of any changes in free liquid should be 
included. A large change in the ship’s displacement 
will have some effect on the change in righting arm 
and metacentric height. The free surface effect will 
also change, even though there is no change in tank- 
age, since this effect is the moment of the free liquid 
divided by the displacement. 

In general, weights added above the ship’s VCG will 
reduce stability, while weights added below the ship’s 
VCG will improve stability. Weights removed will have 
the opposite effects. An exception to the above gen- 
eralization would be those cases which involve large 
weight changes. The changes in righting arms (as read 
from the cross-curves) may have effects opposite to 
the effects of the vertical location of the changes. Off- 
center weight changes that result in the center of 
gravity being shifted from the centerline plane to a 
position off-center, port or starboard, will result in a 
heel either to port or starboard. Section 3.7 illustrates 
the determination of small heel angles caused by mod- 
erate athwartship weight movements (moment to heel 
1 deg). 

Movement of a weight that is already aboard ship 
has no effect on displacement, and, at a given angle 
of heel, no effect on the center of buoyancy. The effect 
of such a weight movement on the righting moment 
at this angle is to move the ship’s center of gravity in 
a direction parallel to the movement of the center of 
gravity of the weight. The distance through which the 
ship’s center of gravity moves depends only on the 
magnitude of the weight, the distance through which 
its center of gravity moves and the weight of the ship. 

Thus, the effect on transverse stability when shifting 
an on-board weight depends on whether the shift re- 
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sults in a rise or lowering of the ship’s VCG and 
whether or not the shift causes the upright ship’s cen- 
ter of gravity to move from the centerline plane to a 
position to either side of the centerline plane. A large 
weight shifted a moderate fore and aft distance, or a 
smaller weight shifted a large fore and aft distance, 
would be necessary to affect longitudinal stability in 
the form of a change in trim. Longitudinal moment 
changes affect trim (produce a change in longitudinal 
inclination) in the same manner that athwartship mo- 
ment changes affect heel. 

6.3 Compensation for Initial Heel. Since the angle 
of heel of an undamaged ship may be caused either 
by an external moment, such as is produced by a beam 
wind, or by an off-center location of the center of grav- 
ity, the measures involving changes in weight that 
would increase stability in these two cases would be 
different and as follows: 

Case J. The center of gravity is on the ship’s cen- 
terline and the buoyant volume is symmetrical with 
respect to the ship’s centerline; that is, the ship is 
undamaged. Since an external moment may act in 
either direction, any measure used should increase the 
righting moment in both directions and should be ef- 
fective at small angles. The measures available, there- 
fore, consist of adding weight with its center of gravity 
on or near the ship’s centerline below the waterline, 
removing weight with its center of gravity on or near 
the ship’s centerline above the waterline, or moving 
weight downward in a direction parallel to the ship’s 
centerline. Theoretically, a very large weight may in- 
crease stability if it is added slightly above the water- 
line, but practically, only a small increase could be so 
obtained. The same situation exists with respect to 
very large weight removals which could, theoretically, 
be slightly below the waterline. 

Case 2. The ship’s center of gravity has moved off 
the centerline as a result of a transverse shift of 
weight aboard ship, or the addition or removal of an 
off-center weight, or the rise in the ship’s VCG due to 
weight additions or weight removals that result in 
negative metacentric height. Corrective action should 
be taken after a determination is made as to the cause 
of the initial heel. For example, in the case of negative 
GM, the recommended action is to lower the ship’s 
VCG rather than effecting a moment change in a di- 
rection opposite to the heel, since in such a case the 
ship would heel to a larger angle to the other side and 
might even capsize. If the initial heel is caused by an 
off-center weight, then a change in transverse moment 
should be effected to offset the heel by means of off- 
center weight additions or removals or athwartship 
shifts of on-board weights. If empty tankage were 
available on the opposite side from the weight, adding 
liquids to an empty tank or tanks on the opposite side 
might provide an off-setting athwartship moment 
about equal to the heeling moment. However, if adding 
liquids in empty low tanks is selected as the means to 
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lower the ship’s center of gravity (and, thus, improve 
stability), the adverse effect of free surface in the proc- 
ess of filling the tank must be taken into consideration 
before a final decision is made. The large free surface 
effect, reducing stability, often offsets the stability 
gain in filling low, wide double bottom tanks in the 
early stages of filling. 

6.4 Large Trim Changes. If a change in weight re- 
sults in a very large change in trim, the shape of the 
underwater body may be quite different from that in 
the even-keel attitude. The trim may be so large as to 
make the conventional displacement and other curves 
and the cross curves inapplicable, since they are based 
on an even-keel condition. It may be, therefore, that 
a satisfactory analysis of stability requires a recal- 
culation of the data usually taken from these curves. 

Current U.S. Navy practice when using electronic 
computers to produce displacement and other curves, 
and cross curves of stability, is to incorporate the ef- 
fects of trim. Hence, the appropriate stability char- 
acteristics can readily be obtained for a specific trim 
by interpolation. 

6.5 Weight Changes in Submarines. Changes in 
weight on submarines are limited by the requirement 
that the weight and buoyancy must be very nearly 
equal in the submerged condition. Compensation for 
changes in the ship’s fixed weight is usually obtained 
by an equal change in the lead ballast. This process 
may increase or decrease righting moment, in both the 
surfaced and submerged conditions, depending on the 
relative heights of the items added and removed. If it 
is not feasible to remove high weight and add ballast 
low in the ship, stability can be increased by adding 
submerged buoyancy and adding an equivalent weight 
of solid ballast at a lower level than the added buoy- 
ancy. 

6.6 Effect of Cargo on Stability. In the typical 
cargo ship, the weight of the cargo may be twice the 
weight of the light ship; in a tanker it may be more 
than four times the light ship weight. If the cargo is 
not homogeneous or does not fill the available space, 
a large variation in the center of gravity of the loaded 
ship can result from varying the distribution of cargo. 
If a ship with a full-load displacement of 10,000 tons 
has a metacentric height of 0.6m (2 ft) when loaded 
with 5000 tons of cargo at the centroid of the holds, 
the metacentric height would be reduced to zero if the 
same weight of cargo were loaded with its center of 
gravity 1.2m (4 ft) above the centroid of the holds. On 
the other hand, the ship might be quite uncomfortable 
if the cargo were stowed with the heavy items in the 
lower holds. 

The optimum height of the center of gravity of the 
cargo may vary with the displacement and therefore 
with the total weight of the cargo to be loaded. A light 
cargo might be stowed with safety higher than a heav- 
ier load, since the lighter cargo would result in a 
greater freeboard. 
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In many ships, there is little option in the disposition 
of cargo, in which case the stability characteristics can 
be predicted quite accurately. 

A factor which should be considered, particularly in 
stowing ore cargoes, is the effect on radius of gyration 
and, thus, on rolling characteristics. (Chapter VII). If 
most of the heavy cargo were stowed topsides, or very 
low in the ship, rather than homogeneously, the effect 
on the radius of gyration could be sufficient to affect 
rolling characteristics of the ship. Another factor af- 
fecting the stability of a large containership with sev- 
eral layers of topside stowage is the additional sail 
area to beam winds. 

6.7 Consumption of Liquids and Stores. During the 
course of a voyage, there may be a considerable var- 
iation in displacement and in the position of the ship’s 
center of gravity resulting from the reduction in the 
consumable load. The major factor in this variation is 
usually the consumption of fuel and water, which are 
usually carried low in the ship and constitute a sig- 
nificant percentage of the ship’s full-load displacement. 
The consumable stores are usually a smaller item and 
are usually stowed fairly close to the vertical position 
of the ship’s center of gravity. In any case, the effect 
of consumables requires consideration in the evalua- 
tion of stability. (See 3.8). 

The low weight represented by the fuel can be re- 
placed by taking aboard sea-water ballast, either in 
the empty fuel tanks or in tanks provided for this 
purpose, usually designated as clean or segregated 
ballast tanks. The practice of ballasting fuel-oil tanks 
is objectionable, because of the possibility of a tem- 
porary loss of power if sea water is inadvertently in- 
troduced into the fuel-oil service system and because 
of the difficulty in disposing of the ballast, which has 
been contaminated by the residual oil in the fuel tanks, 
before the ship is refueled. A secondary disadvantage 
of ballasting fuel-oil tanks is that the percentage of 
water in the fuel reaching the boilers is increased with 
minor adverse effects on the boilers. 

Furthermore, the discharge of oily ballast water, 
even at sea, has become such a pollution hazard that 
current international convention standards require 
most new ships to be designed with segregated ballast 
tanks, thus obviating the need to add sea-water ballast 
to empty fuel-oil tanks. 

Oil tanker operators usually reserve a pair of deep 
tanks (identified as slop tanks) on their ships for stor- 
ing and chemically treating washings from the cargo 
oil tanks so that the effluent can be safely discharged 
overboard without polluting the waters, and the re- 
covered oil can be reused as desired. 

For a specific ship design, the designer should check 
with the governing regulatory organizations in order 
to make sure that all required criteria have been in- 
cluded in the calculations. U. S. Coast Guard require- 
ments are published regularly in the Code of Federal 
Regulations (46 CFR 170-174). 
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The Navy has always recognized that in diesel- 
driven ships, ballasting of empty fuel tanks is less 
objectionable because of the greater difference in den- 
sity between the fuel and the sea water than in the 
case of Bunker C oil. Hence, a compensating system 
was developed for early naval diesel ships in which 
each bunker tank is always kept completely full of oil 
or water. This is accomplished by piping a group of 
tanks in series with a sea-water ballast connection in 
the tank farthest from the machinery space. As oil is 
drawn from the top of the tank closest to the machin- 
ery space, sea water enters the tank farthest away at 
the bottom. When this tank is full of sea water, the 
ballast passes through a pipe from the top of the bal- 
lasted tank to the bottom of the tank next in the series, 
and this process is continued through the successive 
tanks. With this system, there is an increase in the 
weight of liquid in the fuel system as the fuel is con- 
sumed. The rate of increase may exceed the rate of 
consumption of stores and water, resulting in a slight 
increase in the ship’s displacement during a voyage, 
along with a lowering of the ship’s center of gravity. 

Consumption of liquids and stores on diesel sub- 
marines has very little effect on stability. Nearly all 
fuel tanks are of the compensating type. Continuous 
compensation is obtained for variation in weight of the 
variable load by adjusting the quantity of sea water 
in tanks provided for this purpose in order to maintain 
a balance of weight and buoyancy when the ship is 
submerged. This process involves only minor changes 
in the vertical position of the center of gravity. 

However, because of the previously mentioned pol- 
lution problems and resulting anti-pollution regula- 
tions, the tendency in new and future naval surface 
ship designs is toward the adoption of clean ballast 
tanks to achieve the necessary stability, immersion and 
trim. Meanwhile, for existing surface ships and sub- 
marines with compensating systems, better warning 
devices, controls and other equipment have been in- 
stalled to prevent spillage of oily ballast or fuel over- 
flows during refueling. There is not much of a problem 
on nuclear submarines, which carry little fuel oil. While 
the fuel oil tanks are of compensating type, usually 
refueling is done in port where doughnuts are avail- 
able to receive the dirty ballast water. 

6.8 Liquid Loading Diagrams. Liguid Loading 
Diagrams are provided to U.S. Navy ships and are in 
the form of Fig. 42. The diagram shows: 

(a) The tankage of the ship and the weight of liquid 
normally carried in each tank. 

(b) The liquid loading instruction (Notes) which the 
ship should follow in order to enable it to maintain 
adequate stability to withstand the governing hazard 
to stability (either in the intact condition or the dam- 
aged condition). 

(c) In addition, there is shown for each tank the 
change in trim and heel when filling or emptying the 
tank. The liquid loading diagram in Fig. 42 is for an 
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old Navy design without clean ballast tanks; it is un- 
classified. (Note that the values are in English units 
and are presented here for illustration only). 

Chapter III discusses a companion diagram issued 
to certain Navy ships called the Flooding Effect Dia- 
gram, which illustrates the effects of flooding water 
on trim and stability, and indicates appropriate mea- 
sures which should be taken to compensate for them. 

6.9 Trim and bending moment computers. On ships 
where the longitudinal distribution of weights has a 
significant effect on a ship’s bending stresses, a trim 
and bending moment computer may be used by the 
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ship master to achieve a safe loading from the stand- 
point of trim and bending moment (or stress) at several 
locations along the length. Tankers often have such 
instruments. Specific information on the instruments 
in use may be obtained by requesting such information 
from the manufacturers. Each such instrument must 
be tailored to the individual ship on which it is to be 
placed. For U.S. ships all instruments must be checked 
and approved by the Coast Guard as part of the ap- 
proved stability information. There have been in- 
stances of unapproved instruments leading the master 
to erroneous conclusions. 


Section 7 


Evaluation 


7.1 Stability Criteria in General. As explained in 
Section 3.9, stability is often evaluated approximately 
on the basis of metacentric height alone, without the 
benefit of a complete righting-arm curve. This is equiv- 
alent to assuming that the righting-arm curve has the 
form of a sine curve, since it is assumed that the 
righting arm is equal to GM sin $. For ships with large 
freeboard and the type of form that produces a right- 
ing-arm curve concave upward near the origin, this 
practice is usually safe, but may result in underesti- 
mation of the ship’s stability. For ships having little 
freeboard and the type of form that results in a right- 
ing-arm curve concave downward near the origin, this 
practice may not be acceptable, since it does not assure 
an adequate range of positive stability or adequate 
residual dynamic stability (defined below.) 

This section will deal mainly with criteria based on 
consideration of actual shape and other characteristics 
of the curves of righting and heeling moment (or arm) 
for an undamaged ship through large angles of heel. 
One of the most important criteria in the evaluation 
of stability, a ship’s ability to survive flooding due to 
damage, is discussed in Chapter III. So far as the intact 
ship is concerned, the righting-arm curve for the least 
favorable condition of loading and the heeling-arm 
curves for the various upsetting forces provide useful 
data for judging the adequacy of the ship’s stability. 
Features of the the curves that warrant consideration 
from a purely static viewpoint are: 

(a) The angle of steady heel under the influence of 
a static heeling moment, as indicated by point A in 
Fig. 37. 

(6) The range of positive stability, point B in Fig. 
37. 

(c) The relative magnitudes of the heeling arm and 
the maximum righting arm. 

The angle of steady heel is important from two 
standpoints: First, its absolute value determines its 
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adverse effect on personnel and the operation of the 
ship. Also, its value with respect to the angle of heel 
at which the deck edge will be submerged is a measure 
of the ship’s resistance to capsizing, since the righting 
arm increases at a lesser rate after the deck edge is 
awash. 

The range of residual positive stability is important 
since it is the limit of the angle to which the ship can 
heel without capsizing. 

The excess of maximum righting arm over the heel- 
ing arm, in addition to providing a margin for the 
upsetting forces of wind and wave, is essential as an 
allowance for inaccuracies in calculating the heeling 
and righting arm. 

Some stability criteria have been based only on such 
static considerations (as Wendel, 1960), but most also 
include the work and energy considerations (dynamic 
stability) discussed in 4.13 and 4.14. In particular, com- 
parisons are made of the areas under the two curves 
up to certain angles, and sometimes of the residual 
dynamic stability, which represents the work required, 
in addition to the effect of the heeling moment being 
considered, to capsize the ship. Such additional energy 
might be supplied by wave action, ship rolling or by 
wind pressure in cases where upsetting forces other 
than wind are being considered. The residual dynamic 
stability is represented by the area below the righting- 
arm curve and above the heeling-arm curve. 

The optimum criterion would allow full flexibility of 
operation while maintaining enough stability to avoid 
capsize in the roughest seas. To date, there is no such 
criterion applicable to all sizes of ship, in all of the 
many varying types of marine operations, with differ- 
ently shaped hulls. 

In addition to the different methods of statica] eval- 
uation outlined in previous sections, it must always be 
borne in mind that a floating object leads a dynamic 
life, reacting continuously to the sea, Chapter VII. In 
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addition to meeting published regulations the ship de- 
signer should review the available criteria, and use 
those which fit each particular design best. It may be 
necessary to combine the best facets of several criteria 
for a specific design. 

Various international and national organizations 
have established criteria for determining adequacy of 
intact stability to withstand specific upsetting forces. 
These organizations are: 

International Maritime Organization (IMO) 

U.S. Coast Guard (USCG) 

U.S. Maritime Administration (MARAD) 

American Bureau of Shipping (ABS) 

(when acting on behalf of USCG) 

U.S. Navy 

7.2 Merchant Ship Stability Criteria. The develop- 
ment of intact stability criteria for merchant ships has 
been slow due to the great variety of geometric forms, 
range of loadings, regional and national differences in 
type of ship used for various commercial enterprises, 
rapid development of new marine transport systems, 
and the naturally slow process of international agree- 
ment. 

Since 1966, stability evaluation satisfactory to each 
nation has been required by the International Conven- 
tion Load Lines. Thus, while almost every nation has 
adopted stability criteria, each is formed upon the type 
of ships normally in use. Some nations use various 
forms of evaluation of the stability curve as in Section 
4, and others use the metacentric height (Section 3) 
because of its simplicity in operational usage. Still 
others use combinations of the two methods in their 
criteria. 

The International Maritime Organization (IMO) has 
recently sent out to member nations a proposed severe 
wind and rolling criterion for ships over 24 m (78 ft) 
in length. Previously IMO had published recommen- 
dations on intact stability for ships under 100 m (828 
ft) long and codes for dynamically supported craft, 
mobile offshore drilling units, offshore supply ships, 
and fishing vessels, all of which refer to intact stability 
or include intact stability standards. In each code and 
recommendation, both and stability curve evalu- 
ations are utilized. 

Current National Stability Standards for U:S. flag 
merchant ships are almost all now contained in a new 
portion of the Code of Federal Regulations (1983). 
These standards include intact stability criteria for: 

46 CFR 170—General. 

Weather (steady wind heeling)—GM 

46 CFR 171—Passenger ships. 

Passenger heel CM 

Wind heel—GM 

Sailing ships (monohull)—A curve. 
Sailing catamaran— Moment limit. 

46 CFR 172—Bulk Cargoes. 

Barges with hazardous cargo—RA curve, 
transverse and longitudinal GM. 
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46 CFR 173—Special use ships. 

Lifting —Counter ballast— RA curve. 
TowingGM & RA curve. 

46 CFR 174—Specific vessel types. 
Barges with deck cargo—FA curve. 
Offshore drilling units—FRA curve. 
Towboats—FA curve. 

Small ships, particularly those used for fishing, tow- 
ing and offshore supply, have posed special problems, 
not only because of their size but because of the un- 
usual duties they are called upon to perform, often 
under severe weather conditions. Hence, some atten- 
tion of researchers and IMO has been concentrated on 
these smaller ships. 

Among various criteria developed in the past, mainly 
for small craft, the one by Rahola (1939) is of particular 
interest because it formed the basis for subsequent 
work by IMO. On the basis of data on 30 small ship 
capsizings, he presented an empirical criterion that 
specified required righting arms at several angles, a 
minimum value of the maximum GZ angle and a min- 
imum area under the curve of righting arms (dynam- 
ical lever) up to a specified maximum angle. This 
empirical approach did not attempt to specify the heel- 
ing moments that might be expected from the various 
hazards encountered in service. 

The IMO recommendation on intact stability for pas- 
senger and cargo ships under 100 m. (828 ft.) (U.S. 
Coast Guard, 1973) and a similar recommendation for 
fishing ships (Coast Guard, 1976) are similar in prin- 
ciple, but IMO adopted slightly different numerical val- 
ues. They are summarized as follows: 

(a) The area under the righting level curve should 
be not less than 0.055 m-radians up to @ = 30 deg, 
where ¢ is the heeling or inclining angle (degrees). 

(b) The area under the righting lever curve should 
be not less than 0.09 m-radians up to @ = 40 deg or 
up to an angle where the non-weather tight openings 
come under water (whichever is Jess). 

(c) The area under the righting lever curve should 
be not less than 0.03 m-radians between the angles of 
heel -30 to 6-40 deg or such lesser angle mentioned 
under Standard (b). 

(d) The righting lever should be at least 0.2 m at 
an angle of heel equal to or greater than 30 deg. 

(e) The maximum righting lever should occur at an 
angle of heel exceeding 30 deg. 

(f) The initial metacentric height GM should be not 
less than 0.15 m (0.35 m for fishing ships.) 

Additionally, for passenger ships: 

Angle of heel <10 deg due to movement of passen- 
gers. 

Angle of heel in turning <10 deg with moment, 


Ve: ee 
M= 0.02 5 A(AG = 7/2), 


where V is service speed and T is draft. 
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The International Conference for Safety of Fishing 
Vessels, 1977, adopted the recommended Fishing Ves- 
sel Criteria but noted the need to examine the physical 
nature of the various heeling moments expected in 
service, such as weights overside, severe wind and 
waves, and water on deck. 

The U.S. Coast Guard has set up a criterion for 
offshore supply ships, which is similar to ISO Res. 167 
but does not require the maximum righting arm to 
occur between 30 and 40 deg heel angles. IMO is in- 
vestigating the problem with a view to setting up its 
own recommended Code for Safety of Offshore Supply 
Vessels. 

Criteria associated with stowage of bulk dry cargoes 
are discussed in Subsection 5.11. 

U.S. Navy criteria for all sizes of ships, discussed 
in the next sub-section, are based on efforts to make 
a physical assessment of the heeling moments ex- 
pected due to various specific hazards, as well as con- 
sidering the curve of righting moments. 

Research also continues on true dymanic approaches 
to the problem of stability criteria, taking account of 
the rolling motion of ships under different sea condi- 
tions, making use of both ship motion theory and model 
experiments. (Kuo 1975; Kuo and Welaya, 1981; Amy, 
et al 1976). This includes the special case of capsizing 
in following seas (Paulling, 1974). New developments 
can be expected in the future, with IMO playing an 
important role in the evolution of stability criteria to- 
ward greater safety for both large and small craft. 

Meanwhile, it is incumbent on the designer to ensure 
that the ship as designed meets all the applicable na- 
tional and international stability requirements of the 
country in which the ship is to be certified. In addition, 
the designer should make sure that all anticipated op- 
erations of the ship are investigated for stability, even 
though not required for certification. 

7.3 U.S. Navy Criteria. (a). General. U.S. Navy 
criteria are intended to ensure the adequacy of sta- 
bility of all types and sizes of naval ships, as evidenced 
by sufficient righting energy to withstand various 
types of upsetting or heeling moments. The funda- 
mental energy relationships have been discussed in 
Section 4.13, and this Subsection deals with specific 
criteria and factors used by the U.S. Navy. See NAV- 
SEA (1975), Sarchin & Goldberg (1962), Goldberg & 
Tucker (1975). The Navy criteria are of value for de- 
signers of commercial, as well as naval ships, for al- 
though the limits were established through the 
particular experience of the Navy, the basic principles 
apply to all ships. 

It is first necessary to establish the loading condi- 
tions for which the ship will be expected to withstand 
the upsetting forces (Section 3.8 discusses conditions 
of loading). It is important to note at this point that 
stability righting arm curves should be prepared for 
all conditions and corrected for free surface, as dis- 
cussed in 5.3. The curve having the least area is then 
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selected for use. Each heeling arm curve is superim- 
posed on this graph so that the resulting plot has the 
appearance of Fig. 37. 

The various types of upsetting moments considered 
by the Navy will now be discussed, beginning with the 
special case of beam winds. 

(b) Beam Winds Combined with Rolling. 

1. Beam winds and rolling are considered simul- 
taneously, since a fairly rough sea is to be expected 
when winds of high velocity exist. If the water were 
still, the ship would require only sufficient righting 
moment to overcome the heeling moment produced by 
the action of the wind on the ship’s “sail area.” When 
the probability of wave action is taken into account, 
an additional allowance of dynamic stability is required 
to absorb the energy imparted to the ship by the rolling 
motion. 

2. Wind velocities. The wind velocity which an in- 
tact ship is expected to withstand depends upon its 
service. Specific wind velocities to be assumed should 
be obtained from the appropriate regulatory body that 
governs the ship design, if available. If not, U.S. Navy 
values may be used, as given in Table 15. 


Table 15—Wind Velocities Assumed by U.S. Navy 


Minimum 
wind velocity 
for design 
purposes 
Service (knots) 
1. Ocean 
(a) Ships which must be expected to 

weather full force of tropical cy- 

clones. This includes all ships 

which will move with the amphib- 

ious and striking forces 100 


(b) Ships which will be expected to 
avoid centers of tropical disturb- 
ances 80 
2. Coastwise 
(a) Ships which will be expected to 
weather full force to tropical cy- 
clones 
Ships which will be expected to 
avoid centers of tropical disturb- 
ances, but to stay at sea under 
all other circumstances of 
weather 60 
(c) Ships which will be recalled to 
protected anchorages if winds 
over Force 8 are expected 60 
3. Harbor 60 


100 
(b) 


3. Wind heeling moment. A general formula that 
is used to describe the unit pressure on a ship due to 
beam winds is as follows: 
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Fig. 43 Heeling effect of wind 


where 


C = dimensionless coefficient for ship type 
p, = air density (mass per unit volume) 
g = gravity acceleration 
V,, = wind velocity 
There is considerable uncertainty regarding the 
value of C. Similarly, the variation of wind velocity at 
different heights above the waterline is not universally 
agreed upon. 
The most widely used expression for P, in English 
unit, (Ib per sq ft) is P = 0.004V*, (where V is in 
knots). Heeling arm H.A. due to wind, 


_ 0.004V? AZ cos’ > 
2240 x W 


E.A. ft (18) 


where (see Fig. 43): 


A = projected sail area, sq ft 

£ = lever arm (vertical distance) from center 
of lateral resistance of underwater hull 
(usually assumed at half draft) to cen- 
troid of hull and superstructure lateral 
area, ft 

V,, = wind velocity, nominal (knots) 

¢ = angle of inclination 

W = displacement, long tons. 


The formula using S.I. units (except V in knots) is 
_ 0.0195 V? AZ cos’ 
He 1000 A 


where A is in m’, / in meters (m) and A in metric tons 
(t). 


(19) 
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It is recognized that as the ship heels to large angles, 
the use of AZ cos*@ is not rigorous since the exposed 
area varies with heel and is not a cosine function. 
However, other effects are also ignored and the above 
formula may be used to obtain gross effects. Recent 
wind tunnel tests at the David W. Taylor Naval Ship 
Research and Development Center on models repre- 
senting different ship types and superstructure forms 
have indicated that an average coefficient of 0.0035 
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Fig. 44 Wind velocities at various heights above W.L. for a nominal 
100-knot wind at 33 ft above W.L. (English units) 
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Fig. 45 U.S. Navy criterion of stability in wind and waves 


rather than 0.004 (0.017 vice 0.0195 for metric units) 
should be used in the foregoing formula, which as- 
sumes a constant wind gradient. In order to account 
for actual full-scale velocity gradient effects, an av- 
erage coefficient value of 0.004 in conjunction with the 
wind velocity-gradient curve, Fig. 44, is used by the 
US. Navy. 

Fig. 44 is a composite of various values described 
in the literature. The nominal velocity is assumed to 
occur at about 10 m (83 ft) above the waterline. Table 
16 has been prepared for a nominal 100-knot wind as 
an aid in determining wind heeling moments (from 
NAVSEA, 1975). 

4. Adequate stability. The criteria for adequate 
stability when encountering adverse wind and wave 
conditions are based on a comparison of the righting 
arm and heeling arm curves, Fig. 45. (See NAVSEA, 
1975.) 

Stability is considered satisfactory if: 


e The heeling arm at the intersection of the righting 
arm and heeling-arm curves (Point C) is not greater 
than six-tenths of the maximum righting arm; and 

e Area A, is not less than 1.4 A, where area A, 
extends 25 deg or 4, (if roll angle is determined from 
model tests) to windward from Point C. 


The foregoing criteria for adequate stability with re- 
spect to adverse wind and sea conditions are based on 
the following considerations: 


e A wind heeling arm in excess of the ship’s righting 
arm would cause the ship to capsize in calm water. 
The requirement that the heeling arm be not greater 
than six tenths of the maximum righting arm is in- 
tended to provide a margin for gusts, and for inac- 
curacies resulting from the approximate nature of the 
heeling-arm calculations. 

e In the second criterion, the ship is assumed to be 
heeled over by the wind to Point C and rolling 25 deg 
or }, from this point to windward, the 25 deg being 
an arbitrary but reasonable roll amplitude for heavy 
wind and sea conditions. Area A, is a measure of the 
energy imparted to the ship by the wind and the ship’s 
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righting arm in returning to point C. The margin of 
40 percent in A, is intended to take account of gusts 
and for calculation inaccuracies. Energy losses men- 
tioned in 4.13 are ignored, and it is assumed that no 
downflooding occurs. 

Upsetting moments caused by lifting weights over- 
side, personnel crowding and high-speed turning will 
now be discussed, followed by U.S. Navy combined 
criteria for all three. 

(c) Lifting of Heavy Weights Over the Side. 

1. Effect of lifting weights. Lifting of weights will 
be a governing factor in required stability only on 
small ships which are used to lift heavy items over the 
side. Lifting of weights has a double effect upon trans- 
verse stability. First, the added weight, which acts at 
the upper end of the boom, will raise the ship’s center 
of gravity and thereby reduce the righting arm. The 
second effect will be the heel caused by the transverse 
moment when lifting over the side. 

2. Heeling Arms. For the purpose of applying the 
criteria, the ship’s righting-arm curve is modified by 
correcting VCG and displacement to show the effect 
of the added weight, assumed to be at the end of the 
boom. The heeling arm curve is calculated by the for- 
mula: 


wa cos d 


W (20) 


Heeling arm = 


where 


w = weight of lift 

a = transverse distance from centerline to end 
of boom 

W = displacement, including weight of lift 

& = angle of inclination, deg. 


(d) Crowding of Personnel to One Side. 

Ll. Effect of crowding of personnel. The movement 
of personnel will have an important effect only on 
smaller ships that carry a large number of personnel. 
The concentration of personnel on one side of a small 
ship can produce a heeling moment which results in a 
significant reduction in residual dynamic stability. 

2. Heeling arms. The heeling arm produced by the 
transverse movement of personnel is calculated by 
(English or metric): 


cb cos > (21) 


Heeling arm = W 


where 


w = weight of personnel 

a = distance from centerline of ship to center 
of gravity of personnel 

W = displacement 

g@ = angle of inclination, deg. 


In determining the heeling moment produced by the 
personnel, it is assumed that all personnel have moved 
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Fig. 46 U.S. Navy criteria of stability for weights overside, personnel 
crowding 


to one side as far as possible. Each person occupies 
0.2 m? (2 sq ft) of deck space. 

(e) High-Speed Turning. 

1. Heeling arms produced by turning. The cen- 
trifugal force acting on a ship during a turn may be 
expressed by the formula (English or metric): 


Wv? 
gk 


Centrifugal force = 


where 


W = displacement of ship (weight) 

Y = linear velocity of ship in the turn 
g = acceleration due to gravity 

R = radius of turning circle 


The lever arm in conjunction with this force to obtain 
the heeling moment is the vertical distance between 
the ship’s center of gravity and the center of lateral 
resistance of the underwater body. This lever will vary 
as the cosine of the angle of inclination. The center of 
lateral resistance is taken vertically at the half draft. 
If the centrifugal force is multiplied by the lever 
arm and divided by the ship’s displacement, an expres- 
sion for heeling arm is obtained. 
2 


“cos (22) 


Heeling arm = oR 


where 


a = distance between ship’s center of gravity 
and center of lateral resistance (half 
draft) with ship upright 

= angle of inclination, deg 


For all practical purposes # may be assumed to be one 
half of the tactical diameter. If the tactical diameter 
is not available from model or full-scale data, an es- 
timate is made. 

2. Criteria for adequate stability. The U.S. Navy 
criteria for adequate stability for lifting weights, per- 
sonnel crowding and high-speed turning are based on 
a comparison of the righting arm and heeling arm 
curves, Fig. 46. 
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Stability is considered satisfactory if: 


e The angle of heel, as indicated by point C, does 
not exceed 15 deg. 

e The heeling arm at the intersection of the right- 
ing arm and heeling arm curves (point C) is not more 
than six tenths of the maximum righting arm; and 

e The reserve of dynamic stability (shaded area) is 
not less than four tenths of the total area under the 
righting-arm curve. 


The criteria for adequate stability are based on the 
following considerations: 


e Angles of heel in excess of 15 deg will interfere 
with operations aboard the ship and adversely affect 
safety and comfort of personnel. 

e The requirements that the heeling arm be not 
more than six-tenths of the maximum righting arm 
and that the reserve of dynamic stability be not less 
than four tenths of the total area under the righting- 
arm curve are intended to provide a margin against 
capsizing. This margin allows for possible overloading 
and for possible inaccuracies resulting from the em- 
pirical nature of the heeling-arm calculations. 

() Topside Icing. 

1. Effects. The criterion for topside icing is not as 
definitive as the other criteria. The reason for this is 
the inability to estimate an upper limit for accumula- 
tion of ice. Once ice has started to form, it will continue 
to accumulate under unfavorable conditions and the 
only recourse is to institute ice-rremoval measures or 
leave the area. High winds are likely to occur during 
periods of icing and it is appropriate to consider com- 
bined icing and wind effects. A new ship of destroyer 
size, which is capable of withstanding a 100-knot beam 
wind without ice, can withstand a beam wind of only 
80 knots with an ice accumulation of 200 tons. A cruiser 
type in service, which can withstand a 90-knot beam 
wind without ice, can withstand a beam wind of only 
78 knots with an accumulation of 600 tons of ice. The 
foregoing ice weights correspond roughly to a 15-cm 
(6-in) coating on horizontal and vertical surfaces where 
ice would build up. An actual build-up of ice would of 
course be nonuniform, but the ice weights determined 
on the basis a uniform 15 cm coating may be used in 
estimating maximum beam-wind velocity for which the 
stability criterion will be met. For destroyer sizes and 
above, the criteria will be met for a 70-knot wind in 
combination with topside icing. For smaller ships, top- 
side icing results in a more significant reduction in 
righting arms and the allowable beam-wind velocity is 
accordingly less. For example, a 59-m (194-ft) patrol 
ship, which can meet the wind criterion for a 75-knot 
beam wind without ice, will have to avoid beam winds 
in excess of 50 knots if there has been substantial ice 
accumulation. In the case of a smaller mine sweeper 
of 46 m (151 ft) 50 tons of topside ice reduces the 
maximum righting arm from 0.4 m (1.3 ft) to about 
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Table 16—Heeling Moments (ft-Tons) per Sq Ft for a Nominal 100-Knot Wind 


Height 
above 
WL, ft Center of lateral resistance below waterline, ft 
2 38 4 56 6 7 8 9 1 2 1 4 #1 16 Ww 18 189 

0-5 0.04 0.05 0.06 0.07 0.07 008 0.09 010 O11 O12 O12 O18 014 O15 016 O17 O18 0.19 
5-10 O11 0.12 O14 O15 0.16 O18 O19 0.20 020 022 028 0.24 0.26 027 028 0.29 081 0.82 
10-15 0.20 021 0.28 024 0.26 0.27 029 0380 0382 03838 034 085 087 088 040 0.41 0.48 0.44 
15-20 0.30 0.32 0.33 034 036 0.387 0389 041 042 044 045 046 048 049 0.51 0.53 0.54 0.56 
20-25 0.40 0.41 048 045 046 047 0.49 O51 058 0.54 0.56 0.58 0.60 060 062 0.64 0.66 0.67 
25-830 0.50 0.52 0.54 0.55 0.57 059 0.60 0.62 064 065 067 069 0.71 0.738 0.74 0.75 0.77 0.79 
30-85 0.61 0.62 064 0.66 068 0.70 0.72 0.75 0.75 0.77 0.79 0.80 0.82 0.84 086 087 0.89 0.91 
35-40 0.72 0.73 0.75 0.77 0.79 0.81 088 085 086 088 090 092 0.94 096 098 1.00 1.01 1.08 
40-45 0.83 0.85 0.86 088 0.90 092 094 0.96 098 099 1.01 1.03 1.05 107 1.09 111 #4118 1.15 
45-50 0.95 0.97 0.98 1.00 1.02 104 106 1.08 1.10 112 118 115 118 120 122 124 1.26 = 1.27 
50-55 1.06 1.08 1.10 1.12 114 1.16 41.18 120 122 124 126 127 180 1381 1384 136 1.88 8 1.40 
55-60 1.18 1.20 1.22 124 126 127 130 182 184 186 188 4189 #141 +4148 #146 #148 1.50 152 
60-65 1.30 1.82 1.384 186 1.388 1.89 1.41 144 146 148 4150 152 1.453 156 158 160 162 1.64 
65-70 141 144 146 148 41.50 152 154 156 158 160 162 165 1.66 168 42.70 4172 41.75 1.77 
70-75 «1.54 1.56 1.58 160 1.62 165 1.66 168 1.70 1738 4175 4177) «1.79 180 1838 185 187 1.89 
75-80 166 1.67 1.70 1.72 1.74 41.76 41.79 180 182 184 4187 #189 4191 4193 4195 197 199 2.01 
80-85 1.79 180 182 184 1.87 189 191 1938 195 197 199 202 204 206 2.07 210 2.12 2.14 
85-90 1.91 1.92 194 196 199 201 203 206 207 209 211 214 216 218 220 222 2.24 2.26 
90-95 2.02 205 206 2.08 211 218 2.15 218 219 221 223 226 228 2380 2382 2384 2.36 2.39 
95-100 214 2.17 218 220 2.28 225 227 2.29 232 23838 2385 2388 240 242 245 246 248 2.51 


Note: To obtain the total heeling moment from this table, Navy procedure is as follows: 


(a) Divide sail area into 5-ft layers, starting from waterline. 
(b) Determine number of square feet in each layer. 


(c) Multiply area of each layer by appropriate figure from table and add products. This is heeling moment for a 100-knot wind. 


(d) 


0.2 m (0.7 ft) with a reduction in range from 90 to 55 
deg. The maximum allowable wind is reduced from 85 
to about 40 knots. 

2. Design criteria. The design approach to topside 
icing is to determine the maximum allowable beam 
winds combined with icing for a ship whose stability 
has been established from other governing criteria. 
The design would be considered satisfactory if the 
allowable wind at time of icing was in excess of winds 
that are likely to be encountered in the intended ser- 
vice. 

The publication Climatological and Oceanographic 
Atlas for Mariners Volume I, North Atlantic Ocean 
(Commerce Dept., 1959) provides a guide for expected 
winds in combination with icing. Winds up to Beaufort 
9 (41-47 knots) are very likely to occur off the west 
coast of Greenland. Heavy to severe icing is expected 
to occur from 5 to 15 percent of the time in February 
based on simultaneous occurrence of winds equal to 
or greater than 34 knots and air temperatures equal 
to or less than 28°F. The Coast Guard recently reported 
that one of its ships on station in the same area ex- 
perienced 70-knot winds with severe ice accumulation. 

A guide for estimating weight of ice accumulation 
is shown in Table 17, prepared for Wind-class ice- 
breakers (from NAVSEA, 1975). The Torremolinos 
Convention for the Safety of Fishing Vessels (IMO, 
1977) contains recommendations of minimum require- 
ments for icing of fishing vessels, with specific guide- 
lines as to amounts of ice accumulation to be assumed. 


For wind velocities other than 100 knots, multiply moment by ( V/100)*. 


This is reproduced in the circular, Coast Guard (1976). 

The University of Alaska has published comparative 
icing charts developed from experience in the Gulf of 
Alaska and the Aleutian Islands which show ice ac- 
cumulation as a time dependent phenomenon. (Alaska, 
1980; Wise and Comiskey, 1980). 

7.4 Stability Criteria for Certain Ship Types. 

(a) Special hazards. While the stability curve is a 
good indication of a ship’s stability and its resistance 
to capsizing, certain ship types have been known to 
capsize under certain wave and following sea condi- 
tions even though their stability curves indicated good 
stability. Considerable experimental work has been 
done in this field, as reported by Paulling (1974) and 
by Amy, et al (1976). Such work provides plausible 
explanations of the mechanisms that cause unexpected 
capsizings. : 

Aside from the above sea-motion related capsizings, 
fishing ship types have peculiar operating conditions 
which contribute to stability degradation. Among these 
are collection of water on the deck, free surface in the 
fish tanks and the effects of deck loads and nets sus- 
pended from a boom. It is also a common, although 
an unwise practice, to take on a very heavy load that 
reduces freeboard to dangerously low levels. IMO has 
published recommended criteria regarding fishing ves- 
sels (reproduced in Coast Guard, 1976). 

(b) Stability of towboats. 1. Towboats may also be 
prone to sea-motion related capsizings. In addition, 
these ship types are characteristically designed with 


INTACT STABILITY 


low freeboard, which enhances the danger of taking 
on sea water through topside openings. Other hazards 
frequently experienced by tugs are the towline forces 
generated by the tug’s own engines, called self-trip- 
ping and by the movement of the ship being towed, 
called tow-tripping. These special stability problems 
are discussed in the paper by Amy, et al(1976). 

2 Heeling arm. The formula for calculating the 
transverse heeling arm curve for tow-line pull, used 
by the U.S. Coast Guard, is as follows (English units): 


2N (SHPx DY"? xsxhxcos 
380 


Heeling Arm = (23) 


where: 


N =number of propellers 
SHP = shaft horsepower per shaft 
D =propeller diameter, ft 
s =effective decimal fraction of propeller slip 
stream deflected by the rudder—assumed to 
be equal to that fraction of the propeller cir- 
cle cylinder that would be intercepted by the 
rudder if turned to 45 degrees. Use s = 0.55 
if no other value has been determined. 
= vertical distance from propeller shaft center- 
line at rudder to towing bitts, ft 
W =displacement, long tons 
o =angle of heel, degrees 


h 


113 


3 Criteria for adequate stability. The U.S. Navy 
criteria for adequate stability are based on the angle 
of heel, and a comparison of the ship’s righting-arm 
and the heeling-arm curve, Fig. 46. 

Stability is considered satisfactory if: 

e The angle of heel, as indicated by point C, does 
not exceed the angle at which unrestricted down flood- 
ing may occur, or 40 degrees, whichever is less. The 
limit on range is to provide a margin of safety in the 
event a watertight door or vent duct is open and could 
be a pathway for serious down flooding due to wave 
and heel action. 

e The heeling arm at the interception of the righting 
arm and heeling arm curves (point C) is not more than 
six tenths of the maximum righting arm, and 

e The reserve of dynamic stability (shaded area) is 
not less than four tenths of the total area under the 
righting arm curve. 

7.5 Evaluation of Stability of Submarines. The fore- 
going principles apply to a surfaced submarine as well 
as to surface ships. There are some peculiarities of 
submarines, however, which should be mentioned. 

The form of the hull of a submarine is such that the 
righting arms in the surfaced condition are positive at 
angles well beyond 90 deg, a condition that is seldom, 
if ever, found in surface ships. The only significant 
heeling moment to which a surfaced submarine is sub- 
jected results from wind and wave action. Unlike sur- 
face ships, all topside openings can be closed to prevent 
shipping of water during heavy rolling except for the 


Table 17—Icing-up Chart for Wind-Class Icebreakers 


Ao Thickness of ice, in. ———__—___~_ 


Iced area of ship 1 2 3 


Main dk fwd of bkwtr* 
Main dk bkwtr to fr 68* 
Main dk fr 66 to 127* 
Main dk fr 127 to aft* 
Lifelines, ete., fr 66 fwd*.... 
Lifelines, etc., fr 66 aft* 
Breakwater .................. 
5 in. mount (all sides)........ 
Bhd (main dk) fr 66 fwd*.... 
Bhd (main dk) fr 66 aft* 
Flight dk iplue netting) 
20MM (fwd & lifelines)* 
01 deck* ........ ccc cece 
Bhd (01 dk) fr 61 to 92* 
Sky lookout (dk & bhd)* 
Open bridge (40mm’s)* 
Bhd (open bridge)* 
Top of pilot house 
Main bat director 
02 deck* 
Misc fr 66 fwd* 
Misc fr 66 aft* 
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* Indicates identical areas port and starboard. 


5 6 
oO Tons of Ice ———_—__________., 


bot pet 


CoH 


Dist. 

cent. 

Area, ice to 

in == ship’s 

8 12 24 sqft kg, ft CL, ft 
56 6.7 9.0 18.4 27.0 525 43.7 0 
8.0 95 12.6 19.0 38.0 738 43.1 12 
0.7 #128 4170 25.6 51.0 1000 41.1 20 
8.2 21.8 29.1 43.6 87.0 1700 41.2 18 
3.2 3.8 5.1 7.6 15.3 300 44.0 15 
52 62 82 124 24.7 480 44.0 20 
3.2 3.8 5.1 7.6 15.3 300 44.0 0 
43 5.1 6.4 102 20.4 400 48.0 0 
3.7 4.4 5.8 88 17.6 340 46.0 15 
16 141 184 28.2 56.0 1100 44.0 18 
22 38.4 51.2 77.0 144 3000 50.1 0 
2.6 3.7 4.1 6.1 12.0 240 50.2 9 
64 7.7 10.2 154 31.0 600 50.1 20 
48 58 7.7 115 23.0 450 53.0 10 
389 46 62 92 18.0 360 57.0 15 
45 58 7.7 115 28.0 450 61.6 23 
26 3.1 4,1 6.1 12.0 240 64.0 9 
67 81 108 16.2 29.0 630 68.0 0 
6.7 81 108 16.2 29.0 630 72.0 0 
17 20 27 40 8.0 160 57.1 11 
1.0 1.2 15 2.0 4.0 80 43.0 10 
22 26 35 5.2 11.0 200 46.0 15 
80 36 48 7.2 14.0 280 53.0 15 
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Fig. 47 Submarine stability while submerging 


old diesel-powered submarines which must operate 
with open diesel engine manifolds. As a result, cap- 
sizing of an intact submarine is extremely unlikely. 
The major stability problem is rolling to very large 
angles with adverse effects on personnel and the op- 
eration of the ship. 

The righting-arm curve for a submerged submarine 
is equal to the metacentric height, GB, multiplied by 
the sine of the angle of inclination. Its maximum value, 
therefore, occurs at 90 deg. Except for the minor effect 
of shifting of liquids and loose items in the ship, the 
range of positive stability would be 180 deg. A sub- 
marine is subjected to only minor heeling moments 
when submerged. Therefore, there is no danger of 
capsizing an intact submerged submarine, provided the 
metacentric height has at least a small positive value. 

During the period while a submarine is submerging 
or surfacing, its transverse stability is less than when 
either surfaced or submerged, because of the free li- 
quid in the main ballast tanks. On the surface, there 
is only a small free-surface effect in the main ballast 
tanks, caused by the small quantity of residual water 
above the tops of the flood openings that cannot be 
blown. When the ship is submerged, there is no free 
surface in the main ballast tanks, since they are com- 
pletely full. 

An approximate evaluation of stability during sub- 
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merging and surfacing can be made by a series of 
calculations of displacement, height of the center of 
gravity of the ship and the free-surface effect, assum- 
ing that the main ballast tanks are filled to successively 
greater depths. The only variables in these calculations 
are the weight, vertical center of gravity, and vertical 
moment of free surface of the water in the main ballast 
tanks. The effect of the water in the main ballast tanks 
at each assumed level is added to the weight, vertical 
moment and vertical moment of free surface of the 
ship in the surfaced condition, after the vertical mo- 
ment of free surface of the residual water has been 
deducted. 

The results of these calculations, consisting of the 
displacement and height of the center of gravity of 
the ship, adjusted for free-surface effect, are plotted 
as shown in Fig. 47, together with the height of the 
metacenter, and the minimum metacentric height is 
determined as the smallest vertical distance between 
the two curves. Stability is satisfactory if the meta- 
centric height has a small positive value, since the 
nature of the righting-arm curve during submergence 
is such that positive values will be developed at small 
angles of heel when the metacentric height is zero. 

The height of the metacenter drops, as displacement 
is increasing, from its value in the surfaced condition, 
shown to the left of Fig. 47, until it meets the curve 
of the height of the center of buoyancy. The vertical 
separation of these two curves, BH, is equal to I,/V, 
which has been reduced to zero as the ship submerges, 
owing to the disappearance of the waterplane when 
the hull is submerged. 

The assumption in these calculations that all main 
ballast tanks are filled to the same waterline is some- 
what unrealistic because the actual levels in the var- 
ious tanks depend on the area of the flood openings, 
the shape of the individual tanks, and the depths to 
which the openings are submerged. The flood openings 
are sized to flood the forward tanks faster than the 
after tanks, to produce a down angle on the ship and 
expedite submerging. In addition, any rolling of the 
ship will increase the depth to which the tanks on the 
low side are submerged, causing them to fill faster 
than those on the high side. 

When the main ballast tanks are arranged in pairs, 
the moment of inertia of the individual port and star- 
board tanks is used, rather than the moment of inertia 
of the pair considered as a single tank, since there is 
no fiow from one side to the other. 
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Section 8 
Drafts, Trim and Displacement 


8.1 Trim. Trim, as used in this section, defines the 
longitudinal inclination of the ship. Trim may be ex- 
pressed as the angle between the baseline of the ship 
and the waterplane, but it is usually expressed as the 
difference in drafts at the bow and at the stern. 

8.2 Center of Flotation. The center of flotation is 
the point in the ship’s waterplane through which the 
axis of rotation passes when the ship is inclined, either 
transversely, longitudinally, or both. It is shown in 
Section 4 that, for longitudinal inclinations, this point 
is the centroid of the waterplane, and similar reasoning 
would apply to inclinations in any direction. 

The center of flotation is useful in the determination 
of drafts for two reasons. When the ship is trimmed 
with no change in displacement, as when a weight is 
moved forward or aft, there is no change in draft at 
the center of flotation, if the change in trim is mod- 
erate, and, if the original waterline and the change in 
trim are known, the new waterline can be established. 
Also, if a small weight is added to the ship at the 
center of flotation, there is no change in trim because 
the increment of weight is added at the same distance 
from the initial position of the centers of gravity and 
buoyancy as the increment of buoyancy, and, since the 
two increments are equal, the two centers will move 
the same distance, maintaining equilibrium. 

The longitudinal position of the center of flotation 
is plotted on the curves of form, as described in Chap- 
ter I. The curve may be labeled Center of Flotation 
or Center of Gravity of Waterplanes. 

8.3 Moment to Trim One Cm. The formulas for 
moment to trim one em, A GM, /100L, and approximate 
moment to trim one cm, p/,/100L are derived in Sec- 
tion 3.7. 

The trim produced by a moderate longitudinal mo- 
ment can be calculated by dividing the moment by the 
approximate moment to trim one em with sufficient 
accuracy for normal ships. There may be some unusual 
craft for which the difference between GM, and BM, 
is large enough to make the use of the approximate 
moment to trim unacceptable, particularly if there is 
a large longitudinal free-surface effect which affects 
the position of the center of gravity substantially. 

The moment to trim one em is usually plotted on the 
displacement and other curves. (See Chapter I.) 

8.4 Tons per cm Immersion. The tons per cm im- 
mersion, which is the displacement of a layer of water 
one cm thick at the waterplane, is used to calculate 
the change in draft at the center of flotation caused 
by a moderate change in displacement. The increase 
or decrease in draft is equal to the change in displace- 
ment divided by the tons per cm immersion. 

This function, TPcem, is plotted on the displacement 
and other curves, or curves of form. (Chapter I.) 


8.5 Determination of Drafts from Weight and Loca- 
tion of Center of Gravity. There are two methods by 
which the drafts forward and aft may be obtained 
when the displacement and longitudinal position of the 
ship’s center of gravity are known. The first involves 
the displacement and other curves, and is used when 
the trim is moderate. The second is based on the Bon- 
jean curves, and is used when the trim is so large that 
the approximations used in the first method are not: 
acceptable. 

The steps in determining the forward and after 
drafts from the curves of form (Chapt. I, Fig. 23) are 
as follows: 

(a) The even-keel draft, or draft at LCF, is read 
from the displacement curve at the value indicated by 
the weight estimate. 

(b) At this draft, the longitudinal location of the 
center of buoyancy,the longitudinal location of the cen- 
ter of flotation and the approximate moment to trim 
one cm are read from the appropriate curves of form. 

(c) Assume, for the moment, that the ship’s center 
of gravity is at the longitudinal] position of the center 
of buoyancy as read from the displacement and other 
curves. If this were the case, the ship would be floating 
at even keel, and the drafts forward and aft would be 
equal to the draft read from the displacement curve. 
If, as is usually the case, the center of gravity obtained 
from the weight estimate is not at the longitudinal 
position of the center of buoyancy, there is a trimming 
moment, M, equal to the weight of the ship multiplied 
by the distance, parallel to the keel, from the center 
of buoyancy to the center of gravity. 

(d) The trim, in cm, produced by the moment, M,, 
is calculated by dividing M; by the approximate mo- 
ment to trim one cm. This is the difference between 
the forward and after drafts, assuming the drafts are 
equidistant from (Yj. The trim will be by the bow if the 
center of gravity is forward of the center of buoyancy 
in the even-keel attitude; otherwise the trim will be by 
the stern. 

(e) The slope of the trimmed waterline with respect 
to the even-keel waterline is determined by dividing 
the trim by the length between perpendiculars. 

(f) The draft at the center of flotation will be equal 
to the even-keel draft read from the displacement and 
other curves in step (a), since the trimmed waterline 
will intersect the even-keel waterline at this point. The 
draft at either perpendicular will be equal to the draft 
at the center of flotation plus or minus the product of 
the slope of the trimmed waterline and the distance 
from the center of flotation to that perpendicular. 


As an illustration of this process, the following 
example is presented. Given: 
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Length between perpendiculars, Z = 161m 
Displacement, 8.W. = 19,000 t 

Even keel draft = 8.32m 
LCG from amidships = —3.66m 

At 8.32m draft: 

LCB from amidships = —2.42m 
LCF from amidships = —5.78m 
M, = 214 t-m 


Trimming moment, 
19,000 (—3.66 + 2.42) = —23,560 t-m 


. _ ~23,560 tm 
Trim = ar a >a 110 em 
Slope of trimmed WL = 
Trim —110 _ ~ 0.0068 


“LT i161 x 100 -— 
Center of Flotation to after perpendicular, 
(80.5 — 5.78) = 74.77m 
Draft aft = 8.32 + 74.77 x 0.0068 
= 8.32 + 0.51 = 8.83m 


110 
Draft fwd. = 8.83 — Too = 7.73m 


The displacement and other curves (Fig. 23 of Chap- 
ter I) indicate that these drafts are drafts to the bottom 
of the keel. 

In some cases, the moment to trim one em found on 
the displacement and other curves may be based on 
the length between draft marks rather than the length 
between perpendiculars, in which case the slope of the 
trimmed waterline is equal to the trim divided by the 
length between the draft marks. 

The foregoing method for determining drafts in- 
volves two approximations which are sufficiently ac- 
curate for a small trim but become less accurate as 
the trim increases. One is the assumption that the 
trimmed and even-keel waterlines intersect at the cen- 
ter of flotation of the even-keel waterline. The other 
is that there is no change in the moment to trim one 
em as the ship is trimmed. If the drafts must be de- 
termined very accurately, or if the trim is more than 
about 1/150 of the ship’s length, or if the trim produces 
a marked change in the shape of the waterplane, the 
more rigorous method described subsequently is ap- 
propriate. 


This method involves finding, by trial and error, us- ' 


ing the Bonjean curves, the forward and after drafts 
that correspond to the given displacement and produce 
a center of buoyancy in the same longitudinal position 
as the given center of gravity. The Bonjean curves and 
the method of applying them to determine the dis- 
placement and center of buoyancy are described in 
Chapter I. Computer programs are available to per- 
form these calculations at no significant cost once the 
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hull form configuration has been entered into the com- 
puter for other calculations. 

The initial trial may be based on the foregoing cal- 
culation, in which the drafts are estimated from the 
displacement and other curves. The displacement and 
center of buoyancy found from the Bonjean curves on 
the first trial, when compared to the given values, will 
indicate the direction in which the draft at the center 
of flotation should be varied and whether the trim 
should be increased or decreased for the second trial. 
The tons per cm immersion, when divided into the 
difference between the calculated and given displace- 
ments, will indicate the amount by which the draft at 
the center of flotation should be changed. The moment 
to trim one em divided into the product of the displace- 
ment and the distance from the calculated to the given 
position of the center of buoyancy, will indicate the 
appropriate change in trim for the second trial. Sat- 
isfactory results are usually obtained on the third trial, 
if not before. This method is as accurate, for a trimmed 
waterline, as the displacement and other curves are 
for an even-keel waterline, since the methods are es- 
sentially the same. 

8.6 Determining Displacement and Center of Gravity 
from Drafts. 

(a) Methods. The displacement and the longitudinal 
location of the ship’s center of gravity can be deter- 
mined if the drafts forward and aft are known. If the 
trim is large, use of the Bonjean curves, as described 
in Chapter I, is appropriate. For moderate trim, with 
no abrupt changes in the waterplane between the 
trimmed and corresponding even-kee] waterlines, the 
displacement and other curves may be used with less 
effort. 

When the displacement and other curves are used, 
the displacement may be obtained by either of two 
methods, one of which depends upon the availability 
of the function Increase (or Decrease) in Displacement 
per cm of Trim Aft, as shown in Fig. 23 of Chapt. I. 
The derivation of this function is illustrated in Fig. 48, 
which shows a ship with a trim by the stern, the mid- 
ship perpendicular, and the center of flotation for an 
even-keel waterline. For moderate trim, the displace- 
ment is equal to that under an even-keel waterline 
passing through point F' and can be read from the 
displacement curve at draft 7,. If the draft readings 
are taken at the perpendiculars or at two sets of draft 
marks nearly equidistant from amidships, it is con- 
venient to enter the displacement curve with the mean 
of the draft readings, T,, read the displacement, and 
add (or subtract) the precalculated correction repre- 
senting the difference in displacement at the even-keel 
drafts 7, and T,. The value of this correction is simply 
the difference in drafts 7, and T, (in cm) multiplied by 
the T7Pcm. If T, and T; are in meters, this is 


100 (7, — T,) TPem. 


The value of (7, — T,), or A in Fig. 48, may be obtained 
conveniently from similar triangles, 
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Fig. 48 Trimmed waterline and center of flotation 


h/d = t/L, orh = d t/L 


Hence, the change in displacement becomes 
100 d (t/L) TPem 


For ¢ = 1 em = 1/100 m, the change in displacement 
per cm of trim is (d/L) TPem. 

If this function does not appear on the displacement 
and other curves, the procedure is to enter the dis- 
placement and other curves at the mean of the forward 
and after drafts and find the location of the center of 
flotation. Then, the draft at the center of flotation is 
found from the draft reading on one set of marks, the 
slope of the trimmed waterline, and the distance of the 
center of flotation from the draft reading. This pro- 
cedure is advantageous if the draft readings are not 
substantially equidistant from amidships, even though 
the value of the increase (or decrease) in displacement 
per cm trim aft is available, since the same effort is 
involved in finding the draft amidships as in finding 
the draft at the center of flotation. 

In cases where the center of flotation is at a consid- 
erable distance from amidships, resulting in an appre- 
ciable difference between 7, and 7,, and where the 
values of the other functions, such as transverse 
metacenter above base line, longitudinal center of 
buoyancy or moment to trim one cm are changing 
rapidly with change in draft, more accurate values of 
these functions will be obtained if they are read at 7, 
rather than at 7,, since they will correspond to the 
draft at which the displacement is equal to the actual 
displacement. 

After the displacement has been found, the center 
of gravity may be located as follows: 

1. The location of the center of buoyancy and the 
moment to trim one cm at the even-keel draft 7,, or, 
as an approximation, 7,, are read from the displace- 
ment and other curves. 

2. The trim between the perpendiculars is found 
by taking the difference between the drafts at the 
forward and after perpendiculars, or, if the draft 
marks are not located at the perpendiculars, by mul- 
tiplying the difference in the readings by the ratio of 
the length between perpendiculars to the distance be- 
tween the marks. 

3. The ship is assumed to be floating in equilibrium 
on an even keel at the displacement just found, in which 


case the center of gravity would be in the same longi- 
tudinal position as the center of buoyancy. If we as- 
sume that the given trim was produced by movement 
of a weight already aboard, the moment generated by 
the weight movement would be equal to the trim mul- 
tiplied by the moment to trim one em. The movement 
of the center of gravity would be equal to the moment 
produced by the weight movement divided by the ship’s 
displacement. 

4, The location of the center of gravity in the 
trimmed condition is found from its known position 
with the ship on even keel, at the center of buoyancy, 
and the distance it moved. If the trim is by the bow, 
the center of gravity would have moved forward; 
otherwise it would have moved aft. 

(ob) Numerical examples. Illustrative examples of 
the above procedures are shown below. 

1. To determine displacement. 

Given: LBP = 161m 


Draft at fwd perp. = 7.45m 
Draft at aft perp. = 8.38m 


7.45 + 8.38 


Mean Draft = = 792m 


‘Trim = 8.88 — 7.45 = —0.93m 
At the 7.92m WL (Curves of Form): 
Displacement = 17,960t 
Increase in displacement per cm trim aft 


= 0.886t 
Increase in displacement 
0.93 x 100 x 0.886 = 82.4t (say 82) 
Corrected displacement = 18,042t 
OR 
Given: Mean draft = 7.92m 
LCF at 7.92m draft from Q% = —5.3m 
Trim by stern = — 0.938m 
then slope of trimmed WL = ~ as — 0058 
Draft at center of flotation = 7.92 + 5.3m x 
.0058 = 7.95m 
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Displacement at 7.95m WL = 18,042t 
2. To Find The Longitudinal Center of Gravity. 


At the 7.95m WL: 
LCB from (% = —2.26m 


Moment to trim one cm = 207t-m 

Trimming moment 

= —0.93m x 207 t-m x 100 = — 19,251 tm 
Shift of center of gravity 


—19,251 _ 


Location of CG from {%) = 
—2.26 — 1.05 = —3.3lm 


8.7 Determining Drafts after Change in Load- 
ing. When a change in loading is contemplated and 
the existing drafts are known, there are two basic 
methods for determining the drafts after the change 
is made. The first, which is appropriate when the 
changes in draft and trim are small and no large initial 
trim is present, involves determining the differences 
in drafts before and after the change. The second, 
which is suitable when the changes or the trim, or 
both, are large, involves finding the displacement and 
the location of the center of gravity after the change 
is made. 

When the first method is used, the change in loading 
is reduced to a single equivalent item by adding, al- 
gebraically, the weights and the longitudinal moments 
of the individual items, and dividing the total moment 
by the total weight to find the distance of the center 
of gravity of the equivalent item from the reference 
plane being used. Then making use of the fact that if 
a weight is added at the center of flotation, there is 
no change in trim, it is assumed that the equivalent 
item is added at the longitudinal position of the center 
of flotation. This would change the draft an amount 
equivalent to the added weight divided by the tons per 
em immersion, at each end of the ship, which is gen- 
erally called the parallel sinkage. It is next assumed 
that the equivalent item is moved from the center of 
flotation to its actual position. This would generate a 
trimming moment equal to the weight of the equivalent 
item times the distance, parallel to the keel, from the 
center of flotation to its actual location. The change in 
trim would be equal to this trimming moment divided 
by the moment to trim one cm. If it is assumed, for 
example, that the weight is added forward of the cen- 
ter of flotation so that the trim will be by the bow, the 
increase in draft forward will be equal to the parallel 
sinkage plus the change in trim multiplied by the ratio 
of the distance of the center of flotation abaft the 
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forward perpendicular to the length between perpen- 
diculars. The change in draft aft, which may be neg- 
ative, will be equal to the parallel sinkage minus the 
change in trim multiplied by the ratio of the distance 
of the center of flotation forward of the after perpen- 
dicular to the length between perpendiculars. 

The following example illustrates the procedure. 
Start with the ship given in Section 8.6. Assume 800 
tons are to be added 61m forward of amidships. From 
the example in 8.6, at the 7.95m WL: 


Tons per cm = 26.5t 
LCF from (%) = —5.38m 


Moment to trim 1 em = 207 t-m 


Parallel Sinkage = 


300t 


26.5 t/em ee on 


Center of gravity of added weight, from the center of 
flotation, (61 + 5.3) = + 66.3m 
Trimming moment = 


300 x 66.3 = + 19,890 t-m 
Change in trim = 
+19,890 t-m 
207 t-m/em x 100 
Center of flotation: 
From fwd perpendicular (80.5 + 5.3) = 85.8m 
From aft perpendicular (80.5 — 5.3) = 75.2m 


= + 0.96m 


Change in draft due to trim: 


Forward (0.96m x ae) = 0.51m 
161m 
75.2m 

Aft (0.96m x Tae) = 0.45m 


Draft forward = (7.45 + 0.11 +0.51) = 8.07m 
Draft aft = (8.388 + 0.11 — 0.45) = 8.04m 

By the second method, the initial displacement and 
location of the center of gravity of the ship are deter- 
mined from the drafts as described in 8.6, the weights 
and moments of the changes added algebraically to 
those of the ship in the initial condition, and the total 
longitudinal moment divided by the total weight to find 
the center of gravity of the ship after the changes are 
made. From this information, the drafts forward and 
aft in the final condition may be calculated by one of 
the methods described in Section 8.5. 

8.8 Navigational Drafts. The navigational draft of 
a ship in any condition is the draft to the bottom of 
the greatest projection below the waterline of the hull 
or any appendage. This draft determines the depth of 
water required for safe navigation. The navigational 
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Fig. 49 Projections determine navigational! drafts 


draft may be increased somewhat over its static value 
due to settling of the ship caused by forward motion. 

It is sometimes necessary for a ship to pass through 
a channel or enter a drydock in which the depth of 
water is less than the ship’s normal navigational draft. 
This situation requires a study of the possible adjust- 
ments of the load to minimize the navigational draft. 
In extreme cases, it may be desirable to remove, or, 
in the case of an uncompleted ship, to omit some items 
of light ship weight. The problem may be complicated 
by the projection of appendages below the keel. 

Fig. 49 shows a ship on which the rudder projects 
below the line of the keel a distance a, and an appen- 
dage forward projects a greater distance 6. The nav- 
igational draft will occur either at A or B, depending 
upon the direction and amount of trim. For any given 
displacement, the navigational draft will be minimized 
when the drafts at A and B are equal. The slope of 
the trimmed waterline which will produce this condi- 
tion is equal to (6 — a)/c with the ship trimmed by 
the stern, which is derived as follows: 


Let the fwd. navigational draft = y, + b 
Let the aft navigational draft = y, + a 
For equal drafts at A and B, 
Y¥,+a=y, + 6, or 
Yeo-Y=b-a 
Then 
b-a 
c 


ne = 2 = 
c 

The trim for minimum navigational draft will be the 
slope of the waterline multiplied by the length between 
perpendiculars (Z), or ee 

Assume that the drafts of the ship in some condition 
of loading are known, and the problem is to reduce 
the navigational draft to a certain figure, based on the 
channel depth. Assume that the draft at the rudder in 


Fig. 49 exceeds that at the forward appendage. In this 
case, there is a plane, P, located in the forward portion 
of the ship, at which an addition or removal of weight 
will have no effect on the draft at the rudder. If a 
weight is added in plane P, the effect on the after draft 
may be considered, as discussed in Section 8.7, to con- 
sist of parallel sinkage as if the weight were added at 
the center of flotation, and the effect of the trim pro- 
duced by moving the weight from the center of flo- 
tation to plane P. If these two effects are equal and 
in opposite directions, there will be no change in draft 
at the rudder. This may be expressed as follows. 


w wed 
TPem MTem L 


where: w = added weight 
Then the plane P can be located by solving for e, 


_ MTom L 
e* @TPem 


This equation applies not only to the rudder, but to 
any point on the ship, if d is the distance from the 
point at which no change of draft is desired to the 
center of flotation. 

If the weight were removed rather than added, these 
equations would still apply, since the signs of both 
sides would be reyersed. If the moment to trim one 
cm is based on the length between draft marks, rather 
than the length between perpendiculars, the length 
between draft marks would be substituted for Z in the 
equations. 

Having determined the optimum trim and the loca- 
tion at which weight changes have no effect on navi- 
gational draft, we can reduce the navigational draft 
by removing weight aft of plane P, adding weight 
forward of plane P, or both, until the optimum trim is 
attained. If the draft is still excessive, further reduc- 
tion can be obtained only by changes which are equiv- 
alent to the removal of weight from the portion of the 
ship between plane P and the corresponding plane Q 


(24) 
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in the after part of the ship in which changes have no 
effect on the draft at the forward appendage. This does 
not preclude the use of weight additions as a means 
for further reduction of navigational draft, but any 
addition must be made in conjunction with a removal 
of greater magnitude, such that the center of gravity 
of the equivalent removal will fall between planes P 
and Q. 

In selecting items to be removed or the location at 
which an item is to be added, it should be realized that 
the effect of changes in weight fairly close to plane P 
or Q, although favorable, may be too small to justify 
the effort involved. 

8.9 Hog and Sag. Deviation of the keel from a 
straight line, which may be of a permanent or tem- 
porary nature, or a combination of both, is known as 
hog when the keel is concave downward, or sag when 
the keel is concave upward. Permanent deflection may 
be caused by shrinkage associated with welding, while 
temporary deflections are caused by flexure due to the 
ship’s loading or by thermal expansion. If hog or sag 
is appreciable, an adjustment should be made when 
determining displacement from draft readings. 

Hog or sag is detected by calculating the draft amid- 
ships from the readings of the forward and after draft 
marks under the assumption that the keel is straight 
and comparing the calculated value with the actual 
reading of the midship draft marks. Hog or sag is 
measured by the difference in the calculated and actual 
drafts amidships. If the actual reading is greater than 
the calculated value, the ship is sagging; if the actual 
reading is less, the ship is hogging. 

Assume that a ship with a straight keel line is float- 
ing at certain drafts forward and aft, that the water- 
line corresponding to these drafts is drawn on the 
ship’s side, and that the displacement under this water- 
line is determined by one of the methods discussed in 
Section 8.6. Assume next that the ship is deflected in 
sag, at the same forward and after drafts. The line 
drawn on the ship will be curved and will be submerged 
by the amount of the sag amidships, and to lesser 
amounts toward the ends. The displacement calculated 
by the methods of Section 8.6 will not include the 
volume of the ship between the waterline drawn on 
the ship’s side and the actual waterline. If the ship 
were deflected in hog, the calculations would include 
a volume, between these two waterlines, that is not 
submerged. 

To find the displacement in a hogged or sagged con- 
dition, when the Bonjean curves are used, it is custom- 
ary to enter the curves at the actual drafts forward, 
amidships and aft, and to determine the drafts at the 
intermediate stations by the assumption that the keel 
deflection is parabolic. When the displacement and 
other curves are used, the practice is to increase the 
draft at the center of flotation or at amidships, cal- 
culated as described in Section 8.5, by 75 percent of 
the sag, or to decrease it by 75 percent of the hog. 
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For a ship with a rectangular waterplane, the per- 
centage would be 67, since the area under a parabola 
is two thirds of the area of the circumscribing rectan- 
gle, and this percentage would tend to increase as the 
waterline becomes finer at the ends. The 75 percent 
figure is an approximation which has been found to 
give good agreement with the calculations from the 
Bonjean curves, for the normal ship form. 

8.10 Drag. Some ships, particularly tugs and 
small high-speed craft that have considerable power 
for their size, are designed to float deeper at the stern 
than at the bow in order to submerge their relatively 
large propellers. Craft designed to come ashore on 
beaches are also designed with a permanent stern drag 
so that on landing the forward part of the vessel will 
be aground while the after part with the propeller will 
be submerged. Drawings for these ships show the keel 
sloping downward toward the stern. The designed drag 
is the linear vertical dimension corresponding to the 
distance the keel line at the after perpendicular is 
below the kee] line at the forward perpendicular. 

When a ship has a designed drag, the waterlines 
used in preparing the displacement and other curves 
are not parallel to the keel, but are parallel to the 
waterline at which the ship is designed to float. The 
ship is considered to have zero trim when floating with 
the keel sloped to suit the designed drag, as discussed 
in Chapter I. 

Great care should be used in relating drafts to dis- 
placement and center of buoyancy when the ship has 
a designed drag. There is no fixed convention for lo- 
cating the baseline from which drafts are measured 
in drawing the displacement and other curves. It may 
be a horizontal line at the intersection of the bottom 
of the keel with the after perpendicular or the midship 
perpendicular, or the intersection of the molded base 
line with one of the perpendiculars. It may be com- 
pletely below the ship. The draft marks installed on 
the ship may indicate drafts above any of these base 
lines, or above the bottom of the keel at the location 
of the draft marks. Errors of several feet of draft or 
several hundred tons of displacement may be made if 
the proper baselines are not used. 

8.11 Reference Planes. Calculations of draft, dis- 
placement and longitudinal position of the center of 
gravity involve the use of transverse and horizontal 
reference planes which are a potential source of se- 
rious error. If, for example, the weight estimate and 
the displacement and other curves do not use the same 
transverse reference plane, it is necessary to take into 
account the separation of the two reference planes in 
finding the distance from the center of gravity to the 
center of buoyancy. A similar adjustment may be nec- 
essary in vertical measurements, as, for example, 
when the waterlines on the displacement and other 
curves are measured from the molded base line while 
the drafts are measured on draft marks which use the 
bottom of the keel as a reference. On wooden ships, 
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Fig. 50 Draft diagram (English units) 


these reference planes may be as much as 0.3 m (1 ft) 
apart. Each calculation should be checked to ensure 
that the reference planes are consistent or that the 
proper adjustment has been made. 

8.12 Draft Diagram. The processes of dealing with 
displacement, draft, and trim can be simplified by the 
preparation of a draft diagram, illustrated in Fig. 50, 
which has been developed from curves of form, such 
as Fig. 23 of Chapter I. The locus of the center of 
flotation for even-keel waterlines is plotted to a con- 
venient scale, in proper relation to the longitudinal 
positions of the forward and after draft marks and the 
forward and after perpendiculars. If a scale of even- 
keel displacement is plotted along the locus of the 
center of flotation, the displacement corresponding to 
any combination of forward and after drafts, repre- 
senting a moderate trim, may be found directly by 
connecting the draft readings, either at the draft 
marks or the perpendiculars, by a straight line such 
as AB, and reading the displacement where this line 


intersects the displacement scale. If the displacement 
and trim are known, the drafts at any point of the 
ship’s length can be found by drawing a line at the 
proper slope, through the appropriate displacement on 
the displacement scale. 

If scales for the transverse metacenter, moment to 
trim one cm, tons per cm immersion and longitudinal 
centers of buoyancy and flotation are added, either 
along the locus of the center of flotation or any vertical 
line, the draft diagram provides a more convenient 
presentation of the functions of form than the dis- 
placement and other curves. Functions plotted along 
vertical lines are read at the point where they are 
intersected by a horizontal line at the appropriate dis- 
placement. For ships having appendages that project 
below the keel, a scale of draft above the bottom of 
the appendage may be added at the proper fore-and- 
aft location, which will permit reading nagivational 
drafts directly when the displacement and trim, or the 
forward and after drafts, are known. 
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Section 9 
The Inclining Experiment 


9.1 Basic Principles. Toward the end of the con- 
struction period, an inclining experiment is conducted 
to establish, experimentally, the weight of the ship and 
the vertical and longitudinal coordinates of its center 
of gravity. The results of the inclining experiment cus- 
tomarily supersede the corresponding figures in the 
weight estimate. 

The International Convention on Safety of Life at 
Sea requires that “every passenger or cargo vessel 
shall be inclined on completion.” 

An inclining experiment is also conducted after a 
ship has been converted if the conversion is extensive 
enough to preclude a reliable estimate of the effect of 
the conversion on weight and center of gravity or after 
extended service if it is felt that the weight or center 
of gravity may have been affected significantly by the 
accumulation of many minor changes. 

The inclining experiment consists of heeling the ship 
to a small angle by moving a known weight, already 
aboard, perpendicular to the ship’s centerline plane 
through a measured distance, allowing the ship to set- 
tle until the righting moment adjusts itself to equal 
the heeling moment, and measuring the angle of in- 
clination. The process is repeated at several angles in 
both directions. Draft readings also are taken. 

The displacement and the longitudinal position of 
the ship’s center of gravity, in the condition in which 
it is inclined, are found from the observed drafts as 
discussed in Section 8. The metacentric height, GM, is 
determined in the following manner: 

(a) As discussed in Section 8, the righting arm, GZ, 
at a small angle of inclination, 9, is 


GZ = GM sin (1) 


from which it follows that the righting moment is 
W.GZ=W.GMsind (25) 


where W is the displacement of the ship determined 
from the drafts. 

(bo) The heeling moment, M, produced by moving a 
weight, w, aboard ship perpendicular to the ship’s cen- 
terline plane through a distance, d, is 


M = w-dcos (26) 


(c) Since the righting moment and heeling moment 
are equal at the time the inclination is measured 


W . GM sin 6 = w-d cos o 


or 
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W sin d 
_ wed 
~ Wian } me 


The height of the ship’s center of gravity is found 
by subtracting GM, the metacentric height, from KM, 
the height of the metacenter above the keel. 

When the ship as inclined has a considerable trim, 
it is usually necessary to calculate displacement and 
KM by the method described in Section 6, Chapter I, 
using Bonjean curves, for the actual trimmed condi- 
tion. However, if the ship is inclined in a nearly zero- 
trim condition, the height of the metacenter may be 
read from the displacement and other curves at the 
draft at the center of fiotation, after the draft at the 
center of flotation has been obtained from the observed 
drafts. 

It is desirable to perform the inclining experiment 
when the ship is as nearly complete as is practicable, 
and at this late stage of construction there are usually 
some tanks containing fuel oil or fresh water. It is 
prudent to adjust these liquids, before the experiment, 
to avoid having any tank nearly full or nearly empty, 
so that there will be no appreciable change in the 
moment of inertia of the surface during the expected 
inclination. When this is done, the value of “as 
inclined” is the virtual GW, and the height of the center 
of gravity is the virtual height, which includes the free- 
surface effect. The value of the free-surface effect, in 
meters, is equal to the summation of 7,/6 for the var- 
ious tanks divided by the ship’s displacement, where 
1, is the moment of inertia of the free surface and & 
the specific volume of the liquid in the tank in cubic 
meters per ton, as discussed in Section 5. To find the 
real center of gravity of the ship, the free-surface 
effect, as well as the virtual GM, must be subtracted 
from the height of the metacenter, or 


ee ae ee erg 
KG = KM - GM - >= (28) 


Occasionally, there may be an unavoidable free sur- 
face that is not constant throughout the range of in- 
clination, and therefore cannot be treated as a virtual 
rise of the center of gravity. Its effect may be taken 
into account by considering the shifted liquid as part 
of the inclining weight by adding the weight of the 
liquid, multiplied by the distance its center of gravity 
moves in the direction perpendicular to the ship’s cen- 
terline plane, to the moment of the inclining weight, 
w-d, in the foregoing formula for GM. 
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In almost all cases, a new ship is inclined in a con- 
dition that is of no particular interest, in that the con- 
struction or conversion work has not yet been 
completed, there is a considerable amount of foreign 
material, such as staging, aboard, and the ship may 
be partially loaded as with fuel oil and feedwater. How- 
ever, it is desirable to delay the inclining until most 
of the foreign material is no longer needed and then 
to conduct a thorough cleaning of the ship to get most 
of it off the ship. Then as an immediate preparation 
for the test, it is necessary to make an estimate of the 
weight and the vertical and longitudinal moments of 
all items which are part of the light ship and have not 
yet been put aboard, all foreign items which will be 
removed, and all items of load which are aboard, and 
to apply these estimates to the weight and the vertical 
and longitudinal moments of the ship as determined 
from the inclining experiment to produce the light- 
ship condition. If there are items of light-ship weight 
aboard but not in their final positions, the moments 
that will result from shifting these items must be in- 
cluded. 

9.2 Preparation for Inclining. The following points 
require attention prior to the inclining experiment: 

Schedule. If the inclining test is to be officially wit- 
nessed by the U.S. Coast Guard for purposes of sta- 
bility approval, it is necessary to submit a schedule of 
the major tasks and procedure to a Coast Guard in- 
spection or technical office in advance. 

Drafts and trim. While it is possible, and some- 
times necessary, to incline a ship with a large trim, 
there are advantages in reducing trim nearly to zero, 
as previously noted. Excessive trim will also make it 
necessary to correct readings of tank capacities and 
centroids given in the tank-capacity tables, and make 
it more difficult to adjust the levels in partially filled 
tanks so that the liquid level will not reach the tops 
or bottoms of the tanks. Drafts at which abrupt 
changes in the waterplane will occur as the ship is 
inclined should be avoided. 

List. While a small initial heel is not objectionable, 
it should be small enough so that the list, plus the 
expected inclination, will not exceed the angle at which 
the relationship GZ = GM sin ¢ no longer applies. 

Metacentric height. The ship must have positive 
metacentric height at the time of the experiment, after 
allowances are made for free surface and the effect 
of the inclining weights and gear. 

Free surface in tanks. Free liquids can be dealt 
with, provided the surface does not reach the top or 
bottom of the tank as the result of the combination of 
list and trim, and provided that the moment of inertia 
of the free surface can be determined accurately. How- 
ever, consideration of free surface can be eliminated 
entirely if the tanks are either completely full or com- 
pletely empty, and if possible these conditions should 
be obtained. A tank cannot be assumed to be empty 
unless it is known that the liquid below the suction 
has been substantially removed, nor assumed full un- 
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less the sounding is well above the top of the tank and 
it is known that no large air pockets exist. To accom- 
plish this, an air escape must be available at the highest 
point of the tank, but even this will not eliminate the 
numerous small air pockets between the structural 
members. It may be possible to heel the ship while the 
tank is filling to assist the escape of air. The best 
procedure is to have all tanks that must contain liquid 
about half full, provided the resulting free-surface ef- 
fect can be accurately calculated and will not produce 


‘negative metacentric height. 


Personnel aboard. Arrangements should be made 
to reduce the personnel aboard to a minimum neces- 
sary for the test. Those permitted to remain should 
not be allowed to conduct any work involving move- 
ment of the people, their equipment, or items in or 
attached to the ship. 

Transfer of liquids. Arrangements should be 
made to prevent changes in the liquid load during the 
experiment. Valves next to the tanks in all systems 
should be closed. Precautions should be taken to pre- 
vent both deliberate and accidental transfer. The latter 
could occur as the ship is inclined if port and starboard 
tanks are inadvertently cross-connected through a pip- 
ing system. ; 

Swinging weights. Items such as boats and booms, 
which are normally fixed in a stowed position, should 
be secured to prevent swinging during the experiment. 

Forces affecting heel. During the experiment, the 
inclination of the ship should not be influenced appre- 
ciably by any forces other than the effect of the in- 
clining weights. Gangways should be lifted clear of 
the ship during the experiment. The effect of floats, 
fenders and submerged objects should be eliminated. 
The effect of wind, current, pier, mooring lines, cable 
and hose should be reduced to a minimum. If possible, 
the experiment should be performed at slack tide, or, 
if feasible, in a drydock. Consideration should be given 
to the possibility of heading the ship into the wind or 
current. Lines, cable and hose from ship to shore 
should be well slacked while inclination readings are 
taken. 

Selection of inclining weights. Inclining weights 
should be selected that will produce an angle of heel 
sufficient to ensure accurate results, but inclinations 
should not be carried to an angle at which GZ no longer 
equals GM sin . In practice, it is customary to esti- 
mate in advance the probable GM at the time the in- 
clining experiments is to be performed, and a weight 
is then selected which will give an angle of heel of 
about 1 deg on each side of the upright for large 
vessels, 1% deg for 30m (100 ft) vessels of normal form, 
and 2 to 3 deg for very small craft of norma] form. 
This practice assures that no appreciable change in 
KM will occur during the experiment. In the case of 
ships whose sides flare appreciably at the waterline 
amidships, the angle of inclination should not exceed 
1 deg from the upright. The following equation from 
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Equation (27) gives the weight required: 


_ GM. Wtan o 


5 (29) 


It is advisable to incline the ship, by means of the 
weights selected, some time prior to the experiment 
to ensure that a suitable angle can be attained. A car 
carrying the weights and rolling on transverse rails 
gives excellent results since little rolling of the ship 
is induced and the movement of the weights can be 
measured accurately. Handling weights by a crane is 
a practical method, although not as satisfactory. The 
weight of the inclining weights and car, if used, must 
be accurately determined and recorded. 

Measurement of inclination. Provision should be 
made for measuring the angle of inclination indepen- 
dently at three stations. This will permit rejecting a 
reading which is obviously inconsistent with the oth- 
ers. Numerous devices have been used for this pur- 
pose, some of which give a direct reading of the 
tangent of the angle. A pendulum of string or fine 
wire, 4 to 6m (to 18 ft) long, with a heavy bob damped 
in a bucket of oil, will give excellent results and is 
required for inclinings witnessed by the Coast Guard, 
unless prior approval is obtained for another device. 
To obtain a pendulum of this length in a location pro- 
tected from the wind, it is usually necessary to run 
the line through one or more hatches. A check should 
be made to ensure that the pendulum is free to swing 
to the expected angle without interference. A horizon- 
tal transverse batten, fixed to the ship’s structure, is 
provided at the lower end, above the bob, for recording 
pendulum deflections. The length of each pendulum, 
from the point of suspension to the batten, is recorded 
so that tangents of angles of inclination may be cal- 
culated. 

Reading draft marks. Provision should be made 
for reading the draft marks. A glass tube with a small 
hole in the bottom and a scale inside, or a similar 
device, is recommended to damp out minor wave action. 

Measurement of water density. Provision should 
be made for obtaining samples of the water in which 
the ship is floating at the time of the experiment. A 
weighted bottle which can be opened while submerged 
is useful in obtaining samples from various depths. 
The latest U.S. Navy instructions on preparing a ship 
for inclining may be obtained from NAVSEA. 

9.3 Conducting the Inclining Experiment. The op- 
erations involved in conducting the inclining experi- 
ment are as follows: 

Inventory. A comprehensive definition of the light- 
ship condition is necessary as the basis for the inven- 
tory. The inventory consists of three summations, first, 
the weight and the vertical and longitudinal moments 
of those items which would be removed to bring the 
ship to the light condition, then similar figures to be 
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Table 18—Condensed Inclining Experiment 


TEST DATA 
Drafts Feet 
Location of draft marks: 
Forward, abaft FP 1.3 
Aft, for’d. of AP 15.0 
Observed drafts: 
Forward 16’-3 7/8” 16.32 
Aft 18'-4 3/4” 18.39 
*Midship, avg. P&S 17.63 
Drafts at perpendiculars: 
FP 16.31 
AP 18.52 
Mean 17.42 
Sag: 17.63 ~— 17.42 0.21 
Trim: 18.52 — 16.31 —2,21 
Displacement 
Longitudinal CF, from midship — 23.61# 
Draft at CF: 
Uncorrected 17.61 
Corrected for sag (factor 0.7) 17.76 


Specific volume of water 35.165 cuft/T 


Total displacement at 17.76-ft draft: 


In salt water 3720 T# 
Corrected for spec. vol. 3702 T 
Inclining Weights 
No. Wergnt VCG, LCG, 
— ft ft 
1 4.93 39.7 67.5 aft 
2 4,89 39.5 71.5 aft 
9.82 39.6 69.5 aft 
Weight Shifts (See plot) 
Moments, Tan Moments, Tan 
P, ft-T S, ft-T 
72 0.0068 216 0.0190 
216 0.0212 145 0.0139 
145 0.0131 72 0.0076 
0 0 216 0.0197 


*Midship is 184.5 aft abaft FP. 
Length between perps. is 269.0 ft. 
#¥From hydrostatic curves. 


added, and last, the moments produced by moving to 
their final positions those items of lightship weight 
which are aboard but not in their proper locations. The 
weights to be removed include all items of load and 
all material aboard which are foreign to the ship, de- 
termined by a thorough survey of all spaces. Each 
tank and void should be sounded, preferably both be- 
fore and after the experiment, and the specific gravity 
of the contents recorded. Spaces which are presumably 
empty should be investigated. The inclining weights 
and gear should not be overlooked. 

Draft readings. Draft readings should be taken 
simultaneously on the port and starboard sides, at the 
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Table 18—Condensed inclining Experiment (Continued) 


Report, Survey Ship Discoverer (English units) 


SHIP IN CONDITION 0: 
AT TIME OF STABILITY TEST 
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WEIGHT SHIFTS 


Corrected displacement, W 3702 T i 
GM from plot, Moment/W tan } 2.87 ft | 
Correction for free surface 0.25 
Corrected GM 3.12 | 
KM, corrected for trim #24.00 PORT MOMENTS STB. MOMENTS 
KG = KM — GM cor.) 20.88 
GM, = KM; — KG 322. 
Mt. to change trim 1 ft #4434 ft-T 
Trim by stern 2.21 ft 
Trim lever = 
Trim x mt. to trim 1 ft/W 2.65 ft 
LCB abaft midship #7.75 
LCG abaft midship 10.40 
335 
= = ZY t 
0.0815 x 3702 aes 
ITEMS TO DEDUCT FOR LIGHT SHIP 
__ CG abv. BL LCG from midshi; 
Aft Fwd. Fwd. Mt 
Weights, Lev., M lev., Aft Mt Lev., ft-T 
Tons ft ft-T ft ft-T ft 
Liquids in tanks 774.82 8.14 6309 19.02 14,737 
Misc. gear, equip., stores 104.93 21.03 2207 28.17 2956 
Personnel 1.86 33.33 62 33.46 62 
Inclining weights 9.82 39.6 389 69.5 682 
Total 891.43 10.06 8967 14.05 15,481 2956 
12,525 
SHIP IN LIGHT CONDITION I** 
Ship in Condition 0 3702 20.88 77,300 10.4 38,500 
Weights to complete . 44.69 45 9.7 10 
3703 77,345 38,510 
Weights to be deducted 891 10.06 8967 14.05 12,525 
Ship in Condition I 2812 24.32 68,378 9.24 25,985 


**Ship complete in every respect, with water in boilers at steaming level and liquids in machinery and piping, but with all tanks and 
bunkers empty and no passengers, crew, cargo, stores or baggage aboard. 


forward, amidships and after draft marks, at the time 
of inclining. If no midship draft marks are available, 
the midship drafts should be obtained by measurement 
from the deck amidships. 

Determination of water density. Hydrometer 
readings should be taken for several samples from 
various locations along the ship’s length and at various 
depths. The hydrometer readings should be converted 
to indicate the density of the water in air. 

Movement of personnel. Movement of personnel 
during the experiment should be restricted. 

Weight movements. Inclining weights are custom- 


arily moved to produce at least two inclinations to port 
and two to starboard, the intermediate inclinations 
being about half the maximum. Weights should be 
moved slowly, or set down easily, to avoid inducing a 
roll. The transverse displacement of each weight from 
its initial position is measured and recorded after each 
movement. 

Measurement of inclination. An initial mark is 
made simultaneously on each batten, if pendulums are 
used, or any other device is set to zero, while the 
inclining weights are in their initial position. There- 
after, readings of the inclination are taken, simulta- 
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neously, at each station, after each weight movement. 
The signal to read the inclination should be given after 
allowing sufficient time for the ship to come to a po- 
sition of equilibrium after the weight movement. The 
ship should be clear of the pier and all lines should be 
well slacked. If the ship is not absolutely steady, the 
reading of inclination should be taken at the midpoint 
of the residual motion. 

It is essential to incline to both sides of upright, and 
it is highly desirable to use either multiple weights or 
multiple levers so as to heel the ship to at least two 
different angles on either side of upright. Thus, if any- 
thing occurs to cause an erroneous reading it can be 
identified as an error more easily. 

Plot of tangents. During the inclinations, the tan- 
gents of the angles of inclination should be plotted 
against the moments of the inclining weights. Varia- 
tion of the resulting plot from a straight line indicates 
that conditions are not favorable or that an error has 
been made, in which ease a check should be made to 
determine the cause. Trials should be repeated until a 
satisfactory set of readings has been obtained. The 
plot of tangents will indicate only certain types of 
error. For example, an error in measuring the length 
of one of the pendulums would be apparent since the 
tangent would be consistently larger or smaller than 
those from the other pendulums. Or, if a weight move- 
ment were measured incorrectly, the corresponding 
point on the plot would be out of line with the others, 
but this lack of alignment might be caused by an ex- 
ternal force that was acting only at this particular 
inclination. On the other hand, if a single inclining 
weight is used and its weight is recorded incorrectly, 
this would not be apparent from the plot. 

9.4 Inclining Experiment Report. This report con- 
sists of a recording of the observed data, the calcu- 
lations necessary to determine the displacement and 
center of gravity at the time the ship was inclined, and 
the calculations made to arrive at the light-ship con- 
dition by modifications to the condition of the ship at 
the time of inclining. It is advisable to record the basic 
data, such as the weight of each inclining weight and 
the distance it was moved and the lengths and deflec- 
tions of each pendulum, rather than only the moments 
and tangents, in order to permit further checking in 
case any data appear later to be questionable. Actual 
tank soundings should be recorded, and determination 
of liquid weights from sounding tables shown—in- 
cluding trim corrections, if any. 

Table 18 shows a condensed summary of a typical 
USCG report. Note that the units are in the English 
system. More detailed reporting forms are available 
from the USCG, and similar forms are used by the 
U.S. Navy. 

The displacement and the longitudinal position of 
the ship’s center of gravity are calculated by one of 
the methods described in Section 8. If the midship draft 
readings indicate that the ship has hog or sag, cor- 
rection for this should be made. The displacement thus 
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obtained is multiplied by the ratio of the specific grav- 
ity of the water in which the ship was floating to 1.025 
(the specific gravity of salt water) to obtain the dis- 
placement as inclined. 

The plot of tangents is prepared showing the tan- 
gents measured at each of the three stations, plotted 
at the appropriate inclining moment for each inclina- 
tion. Under ideal conditions, a straight line can be 
drawn through the plotted points. In most cases, how- 
ever, some judgment must be applied in drawing the 
straight line which best represents the information 
plotted on the plot of tangents. If at any particular 
trial one measurement of inclination does not agree 
well with the other two, it may be appropriate to dis- 
regard it. Or, it may be possible that one of the rec- 
orded moments does not represent the actual moment 
acting at that time, because of the effect of wind or 
current. It is usually necessary to draw the line that 
best represents the slope corresponding to the plotted 
points. This line does not necessarily pass through the 
origin, since this point carries no more weight than 
the others, and it is possible that some upsetting force 
was acting at the time that the initial reading was 
made. After this line has been established, its slope 
w-d/tan o is divided by the displacement to find the 
metacentric height, which, from subsection 9.1, is 

_— w-d 
M Wtan 6 (27) 

After the metacentric height has been obtained, the 
vertical position of the center of gravity in the inclined 
condition can be found and the characteristics of the 
light-ship condition developed as described in Section 
9.1. See Table 18. 

It is desirable to record any major features of the 
light ship at the time of inclining, such as the weight 
and center of gravity of any permanent ballast, for 
future reference. 

9.5 Inclining in Air. When a small boat is to be 
inclined, it is preferable, and may be more convenient, 
to perform the experiment in air rather than in water. 

The boat is suspended by slings forward and aft 
which pass over a knife edge, and the slings adjusted 
so that the base line used for calculations is parallel 
to the knife edge. The knife edge is supported by two 
scales, one forward and one aft. Inclining weights and 
pendulums are provided and used in the same manner 
as for inclining in water. See Fig. 51(b), where ¢ is 
the inclination due to the movement of the weight w 
through distance A, G is the center of gravity of the 
boat with inclining weight, and B is the height of knife 
edges above the keel. 

The weight of the boat W, is obtained by adding the 
two scale readings, W, + W,. The distance x of the 
center of gravity of the boat from the forward per- 
pendicular is obtained by taking moments. (Fig. 51a), 


(W, + W,)x = (A + B)W, + AW,. 
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Hence, 
zx=A+t BW, (W, + W,) 


The accuracy of the scales may be checked by re- 
weighing the boat with the scales interchanged. 

The vertical location of the center of gravity of the 
boat is obtained by the same process used in inclining 
in water, except that the “metacenter” is located at 
the knife edge. Hence, the center of gravity above the 
keel is, 


KG = B — GG, cot o 


pa MS ests 
B 


9.6 Accuracy. Consideration of the subject of ac- 
curacy will not only tend to improve the reliability of 
experiments, whether in water or air, but may also 
result in avoiding laborious refinements which do not 
have an appreciable effect on the results. 

An error in measurement of pendulum length, pen- 
dulum deflection, inclining weights or weight move- 
ment will result in a proportional error in the 
metacentric height. 

The effect of inaccuracy in draft readings on dis- 
placement can be evaluated by considering the ship’s 
tons per inch immersion. If the height of the meta- 
center is changing rapidly with a change in draft, as 
it often does at light displacements, an error in the 
height of the center of gravity may result from inac- 
curacy in draft readings. 

Errors in inventory appear as equal errors in dis- 
placement. The degree of accuracy used in locating 
centers of gravity for items of the inventory depend 
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on the weight of the item. Exact location of centers 
of light items is not necessary. 

The contribution of different tanks to the total free- 
surface effect varies widely. If a tank has a width equal 
to about half the ship’s beam, the shape of the surface 
should be determined accurately, and precise methods 
used in finding the moment of inertia. For smaller 
tanks, less accurate methods may be used. There may 
be small tanks, or tanks containing small quantities 
of liquid, for which the movement of transference at 
the expected angle of heel is negligible compared to 
the moment of the inclining weights. 

The proper degree of importance to be attached to 
any item can be evaluated by an approximate calcu- 
lation of its effect on the ship’s displacement and the 
height of the center of gravity. 

9.7 Induced Rolling (Sallying). Rolling may be in- 
duced, for small ships, by sallying, in which a group 
of people moves across the deck in synchronism with 
the ship’s natural period, or a vertical force may be 
applied on one side and suddenly released. For larger 
ships, a weight may be landed on one side and then 
lifted and lowered several times, again in synchronism 
with the natural period of roll. 

The period of roll may be found quite accurately by 
measuring the total elapsed time of a number of rolls. 

Then, from Section 3.7, the period of roll, 


CB 
T, = = (7) 
* Vet 


where C is the sally constant 
and B is the beam of ship 


Since the sally experiment gives the period of roll 
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for a full cycle, using the as inclined GM yields the 
sally constant C. At subsequent times, sallying the 
ship in calm waters again yields a period of roll, and 
an approximate GM can be determined by using 7,, 
C and B in the above formula. 

If at the time of inclining, the sally constant, C, 
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which is determined from the data, is out of line with 
constants found for previous similar ships, this would 
indicate a significant difference in construction of the 
new ship or a possible error in the experiment. The 
construction drawings and calculations should be 
closely checked. 


Section 10 
Submerged Equilibrium 


10.1 Definition. A submerged submarine is in 
equilibrium when its weight is equal to the buoyancy 
of the total hull and when its center of gravity is in 
the same longitudinal position as its center of buoy- 
ancy so that it has zero trim. Actually there may be 
very small differences between the weight and buoy- 
ancy and between the longitudinal positions of the 
centers of gravity and buoyancy. These differences are 
overcome by use of submarine’s planes when under- 
way ina submerged condition. When a submarine must 
be dead underwater to maintain silence, it is important 
that the weight equal the submerged buoyancy ex- 
actly. 

On the surface, the weight of the submarine is 
lighter than its submerged displacement and it is nec- 
essary to take on sea water in the ballast tanks to 
enable the submarine to submerge and be in a condition 
of equilibrium with zero trim while submerged. There 
are certain loading conditions on the surface that tend 
to make the submarine “heavy” or “light,” which re- 
sult in correspondingly small or large amounts of var- 
table ballast water that must be carried on the 
surface, so that upon complete flooding of the main 
ballast tanks, a submerged condition of equilibrium 
and zero trim will result. A submarine that is properly 
designed with respect to weight, buoyancy and vari- 
able ballast tank capacity, will always be in diving 
trim on the surface regardless of the actual load var- 
iations, and will be able to successfully dive and be in 
equilibrium with zero trim in a submerged condition 
with the main ballast tanks full of sea water. 

Diving trim, diving ballast and variable ballast are 
discussed in sections 10.2, 10.8, and 10.4. 

10.2 Items of Weight. The items of weight that 
are considered in studies of submerged equilibrium 
are illustrated in Figs. 52 and 58, and are defined as 
follows: 

(a) Submerged displacement. The displacement 
of the entire envelope of the ship minus any free- 
flooding spaces. The submerged displacement is fixed 
by geometry rather than by weight. For a given con- 
figuration of the ship, the submerged displacement will 
vary only with the density of the sea. Weight must be 
adjusted to conform to the submerged displacement. 


(bo) Light ship. The sum of the weights of the com- 
ponents making up the ship. This weight is fixed unless 
some alteration to the ship is made. 

(c) Lead. Solid ballast. This item is the margin in 
the weight estimate. In submarine design, the volume 
of the submerged displacement is made larger than 
the anticipated weight in the submerged condition by 
a generous margin. Some of this margin is usually 
needed to compensate for inaccuracies in the weight 
and displacement calculations or for unexpected in- 
stallations. When the ship is completed, any unex- 
pended margin must be installed as solid ballast to 
achieve submerged equilibrium. Solid ballast is part of 
light ship. Lead is most often used as solid ballast 
material because of its high density, and because it 
causes few corrosion problems. 

(ad) Load to submerge. The weight that must be 
added to the light ship—with lead to bring the ship 
to a condition of submerged equilibrium. Assuming no 
changes are made that affect the geometry or weight 
of the ship, the load to submerge will vary only when 
there is a change in the density of the sea water. 

(e) Normal fuel-oil tanks. Fuel-oil storage tanks 
that are fitted with a sea water-compensating system 
so that they are always full of oil or sea water. 

G) Main ballast tanks. Tanks that are flooded to 
submerge and blown to surface. They are fitted with 
vents at the top, which are opened to flood the tanks, 
flood openings at the bottom and air connections for 
blowing. 

(@ Fuel ballast tanks. Tanks that may be rigged 
either as norma! fuel oil tanks or as main ballast tanks. 
When used for fuel, they are compensating tanks and 
are handled in the same manner as the normal fuel 
tanks. After the oil in the fuel ballast tanks has been 
burned, they may be converted to serve as main ballast 
tanks, and thereafter flooded upon submerging and 
blown upon surfacing. Conversion to main ballast 
tanks reduces the surface displacement and increases 
the reserve buoyancy until the ship is refueled. Fuel 
ballast tanks are not fitted on nuclear-powered sub- 
marines because of the small amount of fuel oil. 

(th) Residual water. The water in main ballast 
tanks and fuel ballast tanks, located below the top of 
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the flood opening, which cannot be blown upon sur- 
facing. 

() Water seal in fuel ballast tanks. The layer of 
water above the top of the flood opening and below 
the bottom of the compensating water pipe, which is 
maintained when the fuel ballast tanks are serving as 
normal fuel-oil tanks to prevent spilling of oil through 
the flood openings as the ship rolls. When the tank is 
nominally full of fuel, its contents, starting from the 
top, consist of fuel, water seal, and residual] water. 

G) Diving ballast. The term applied to the water 
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that is admitted to the ship upon diving and blown to 
bring the ship to the surface. When the fuel ballast 
tanks are used for fuel, the diving ballast is equal to 
the capacity of the main ballast tanks above the re- 
sidual water. When fuel ballast tanks are rigged for 
main ballast, the diving ballast is equal to the capacity 
of the main ballast tanks and the fuel ballast tanks 
above the residual water. Some submarines have a 
tank near admidships designated as safety tank, which 
is blown upon surfacing and is considered to be a part 
of the diving ballast. The safety tank may be only 
partly filled in the submerged condition when the ship 
is heavily loaded. The safety tank, when installed, is 
intended to be equal in volume and with about the 
same location as the topside conning area and may be 
blown while the submarine is submerged to regain 
buoyancy in case of topside damage. 

(k) Normal condition—surfaced. The displace- 
ment of the ship on the surface when fuel ballast tanks 
are rigged as main ballast tanks. 

() Maximum condition—surfaced. The displace- 
ment of the ship on the surface when fuel ballast tanks 
are rigged as normal fuel oil tanks. 

(m) Reserve buoyancy. The displacement of the 
volume of the envelope of the ship above the waterline 
in the surfaced condition, minus any free-flooding 
spaces. 

(n) Variable load. Such items as personnel and 
their effects, missiles, torpedoes, provisions, stores, 
cargo, passengers, potable water, reserve feedwater, 
battery water, reserve reactor coolant, lubricating oil, 
oxygen, reserve hydraulic oil, contents of sanitary 
tanks and hovering tanks, and fuel oil. The variable 
load in the normal and maximum conditions is identical 
except that the oil in the fuel ballast tanks is included 
in the maximum condition. 

(o) Variable ballast. Sea-water ballast that is ad- 
justed continuously at sea to compensate for changes 
in variable load or in sea-water density. Variable water 
ballast is carried in forward and after tanks called 
trim tanks and in midship tanks called auxiliary 
tanks to permit adjustment of the longitudinal moment 
as well as the weight. Some diesel-powered ships have 
variable fuel oil tanks that are non-compensating 
tanks sized so that the weight of oil that they carry 
is approximately equal to the increase in weight that 
occurs when the oil in the compensating tanks is re- 
placed by sea water. Burning oil from the variable 
fuel-oil tanks so that the percentage remaining in these 
tanks is the same as the percentage remaining in the 
compensating tanks will tend to keep the weight of 
the contents of al] oil tanks nearly constant. Variable 
fuel-oil tanks are piped so that oil may be transferred 
between them and the compensating tanks. This trans- 
fer involves an increase or decrease in the ship’s 
weight as the compensating water is drawn or expelled 
from the normal fuel-oil tanks. Because of this capa- 
bility variable fuel-oil tanks, when fitted, are consid- 
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ered as part of the variable ballast, rather than part 
of the variable load. 

10.3 Relationships Between Items of Weight. As 
conditions for submerged equilibrium, each of the bars 
in Fig. 52 and each in Fig. 53, must represent the same 
weight, and each must have its center of gravity in 
the same longitudinal position. Two other equations 
are indicated by the vertical lines in Figs. 52 and 53. 
First, the reserve buoyancy is equal to the diving bal- 
last and the longitudinal positions of their centroids 
must coincide. Also, the load to submerge (the differ- 
ence between the submerged displacement and the 
light ship with lead) is equal to and has the same 
longitudinal center of gravity as the sum of the var- 
iable load, variable ballast, residual water and diving 
ballast, and, in the maximum condition, the water seal 
in the fuel ballast tanks. 

These necessary equalities are achieved by varia- 
tions in weight and longitudinal position of the center 
of gravity of the lead ballast and the variable ballast. 
To conserve space, the variable ballast tanks are sized 
to accommodate only the probable variation in the var- 
iable load plus the variation in the submerged dis- 
placement caused by changes in sea-water density. 
Lead ballast, since it occupies less space per ton, is 
used for the required adjustment beyond the capacity 
of the variable ballast tanks. In general, changes in 
lead are made in the shipyard, to compensate for 
changes in the light ship weight or in the volume of 
the submerged displacement, while the variable ballast 
is used to compensate for changes that occur at sea. 

10.4 Diving Trim. A submarine on the surface at 
sea is normally kept in diving trim, which means that 
the weights aboard are adjusted so that completion of 
flooding of the main ballast tanks, and any fuel ballast 
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tanks rigged as main ballast tanks, will submerge the 
ship in a condition of equilibrium, with the ship’s 
weight equal to the submerged displacement and the 
center of gravity in the same longitudinal position as 
the center of buoyancy. 

It can be seen from Fig. 52 that the weight and 
longitudinal moment of the surfaced ship in diving trim 
must be equal to the difference between the figures 
for the submerged displacement and those for the re- 
serve buoyancy, and that the reserve buoyancy cor- 
responds, in weight and center, to the diving ballast. 
Since the volume and moment of both the submerged 
displacement and the diving ballast depend only on the 
configuration of the ship, the surface drafts in diving 
trim, in either the normal or the maximum condition, 
are determined by the geometry of the hull. 

Diving trim is maintained at sea by adjustment of 
water in the variable ballast tanks. Where variable 
fuel tanks are fitted, the oil in these tanks may also 
be adjusted. While the submarine is submerged at very 
low speeds, variable ballast may be admitted, dis- 
charged or transferred longitudinally until any fore- 
and-aft inclination is eliminated, and any appreciable 
tendency to rise or settle disappears. Between such 
experimental adjustments, the proper quantity and dis- 
position of variable ballast is maintained by recording 
all changes in weight such as the replacement of fuel 
by sea water, ejection of trash or blowing of sanitary 
tanks, and making compensating changes in the var- 
iable ballast. 

In addition to such gradual or minor changes in 
weight, there are large and abrupt changes that may 
occur in the submerged condition, due to firing of 
weapons, which require immediate compensation. This 
is accomplished by admitting a quantity of water, as 
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part of the firing operation, equal to the weight of the 
weapon ejected. 

The moment diagram, illustrated in Fig. 54 is a con- 
venience in finding the change in weight that must be 
made in the variable ballast to compensate for a 
change in the variable load. If a weight, w, is added 
at some point, P, along the ship’s length, reading the 
scales directly below point P will indicate the per- 
centage of the weight, w, to be removed from the after 
trim and the auxiliaries, or from each of the two trim 
tanks, to compensate for the added weight. In this 
diagram, which is usually plotted below an inboard 
profile of the ship to which it applies, points A, B, and 
C are located, respectively, at the locations of the cen- 
troids of the after trim, auxiliaries, and the forward 
trim tanks. The scales are constructed by dividing the 
distances between A and B. B and C, and A and C into 
100 equal divisions. 

As an example of the use of the moment diagram, 
if 1000 kg is added at point P in Fig. 54 there will be 
no change in the weight or in the longitudinal position 
of the center of gravity of the ship if either: 

(a) 290 kg of water are blown from the forward 
trim tank and 710 kg are blown from the after trim 
tank, or 

(b) 530 kg are blown from the auxiliary tanks and 
470 kg are blown from the after trim tank. 

10.5 Equilibrium Conditions. Since the variable bal- 
last must be adjusted to compensate for changes in 
sea-water density and for changes in the variable load, 
it is necessary to evaluate the magnitude of probable 
changes in both the weight and the longitudinal mo- 
ment of these two items in order to select the proper 
size for the variable ballast tanks. 

To ensure that diving trim can be achieved with any 
possible variation in sea-water density and variable 
load, it would be necessary to develop the lightest 
possible condition in the heaviest sea water, the heav- 
iest possible condition in the lightest water, and con- 
ditions with maximum longitudinal moments in each 
direction in both heavy and light sea water, and to 
make the variable ballast tanks large enough to com- 
pensate for these changes. This would result in very 
large variable ballast tanks on a ship having a limited 
amount of space. By using judgment to eliminate im- 
probable extreme conditions, the variable ballast tanks 
can be held to a reasonable size. 

In displacement calculations for surface ships, the 
sea water specific volume is assumed to be 0.975 m? 
per ton and the normal variations from this figure are 
negligible, since they would produce only a small 
change in draft. A small change in the displacement 
of a submerged submarine, such as 10 tons, would 
result in an unacceptable unbalance between weight 
and buoyancy. Since 10 tons is a small percentage of 
the submerged displacement, only a small change in 
the density of the sea water is required to produce 
such an unbalance. 


The specific volume of sea water has been found to 
vary from 0.981 to 0.971 m® per ton. The extreme var- 
jation in variable ballast to compensate for this effect 
would occur if the ship were to dive in light water, 
filling the main ballast and fuel ballast tanks, and then 
pass, submerged, into heavy water. It is customary to 
assume that this extreme, or the opposite, will not 
occur, and that the diving ballast is of the same density 
as that in which the submarine is operating. Under 
this assumption, the quantity of variable ballast. 
needed for variation in sea water density is equal to 
the submerged displacement less the diving ballast, in 
cubic meters, multiplied by the change in density. As 
an example, if the submerged displacement is 4000 t 
and the diving ballast 500 t, the quantity of variable 
ballast needed to counteract this effect would be: 


1.0 1.0 
(4000 — 500)t x 0.975 x (sari ~ roa) 


= 3500 x 0.975 x (1.03 — 1.02) 
= 3500 x 0.975 x 0.01 = 34t. 


For the purpose of studying the additional variation 
in variable ballast necessary to compensate for 
changes in the variable load, calculations are made for 
a series of equilibrium conditions representing heavy 
loads in light water, light loads in heavy water and 
heavy forward and heavy aft loadings in both light 
and heavy water. In calculating the loads aboard for 
any particular condition, judgment and familiarity with 
operating procedures are necessary in deciding on the 
quantities of the various items of variable load if very 
large variable ballast tanks are to be avoided. 

The heavy forward and heavy aft conditions are not 
necessarily heavy. The term heavy forward, for ex- 
ample, means that loads in the forward end are heavy 
while those aft are light. In a ship that carries most 
of the variable load forward, the heavy-aft condition 
might be quite light. In the heavy-aft condition, the 
quantities of torpedoes and dry cargo, for example, 
would be assumed to be zero in the forward portion 
of the ship while a full load of such items would be 
assumed aft. As in the case of the heavy and light 
conditions, it is advisable to investigate two heavy- 
forward and two heavy-aft conditions, one with a large 
percentage of fuel aboard in which only the oil in the 
fuel ballast tanks at the heavy end has been burned, 
and a condition occurring later when all oil in the fuel 
ballast tanks and in the normal fuel-oil tanks at the 
heavy end has been burned. Since the heavy-forward 
and heavy-aft conditions are not necessarily either 
heavy or light, calculations should be made for both 
heavy and light sea water. 

The final result of the equilibrium-condition ealeu- 
lations is the weight and longitudinal moment of the 
variable ballast to balance, which is the variable bal- 
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last required under the assumed loading and sea-water 
density to bring the ship to diving trim on the surface 
and to submerged equilibrium after diving. 

As shown in Figs. 52 and 53, the variable ballast to 
balance can be established by subtracting the sum- 
mation of weight and longitudinal moment of the var- 
iable load from the figures for the load to submerge. 
Figs. 52 and 53 also show that the load to submerge 
may be found by deducting the weight and longitudinal 
moment of the light ship, with lead, from the figures 
for the submerged displacement. Two sets of values 
for the load to submerge are found by using figures 
for the submerged displacement at both 0.981 and 
0.971 m°/t. The load to submerge in light water is 
used for the heavy conditions, the figures for heavy 
water used for the light conditions, and both are used 
for the heavy-forward and heavy-aft conditions. Two 
summations of variable load are required for the 
heavy-forward and heavy-aft conditions, so that the 
density of the diving ballast will correspond, in each 
case, to that used for the submerged displacement. 

10.6 The Equilibrium Polygon. The equilibrium pol- 
ygon of a typical diesel-powered submarine, illustrated 
in Fig. 55, is a device for presenting graphically the 
envelope of variation in weight and longitudinal mo- 
ment which can be obtained by adjusting the variable 


s onde 
: 0 <a 
x oo” 
2 cw 
< <0 
O Ne 


AFTER MOMENTS 


PRINCIPLES OF NAVAL ARCHITECTURE 


ballast. In Fig. 55 the weight of variable ballast is 
plotted vertically and the longitudinal moment, about 
the transverse reference plane used for the equilibrium 
conditions, is plotted horizontally. Each side of the 
polygon represents the effect of filling éne of the var- 
iable ballast tanks. The polygon is constructed by add- 
ing, algebraically and successively, the weights and 
moments of each of the variable ballast tanks, starting 
with the forward, most tank and proceeding aft, then 
repeating the process starting with the aftermost and 
proceeding forward. Each summation is plotted as in 
Fig. 55, where line OA represents the weight and mo- 
ment developed as the forward trim tank is filled, line 
AB the effect of filling the forward variable fuel-oil 
tank after the forward trim tank has been filled, and 
so forth until point HZ, representing the weight and 
moment of all the variable ballast tanks, is reached. 
The same point £ is reached, by a different route, by 
plotting the various stages of the summation starting 
with the aftermost tank and proceeding forward. 
The weight in each of the variable ballast tanks is 
taken to be equal to the net capacity of the tank at 
specific volume of 0.975 m® per ton. This volume is 
applied to the variable fuel tanks, even though they 
contain oil, because the transfer of 0.975 m° of oil from 
a variable fuel tank to a normal fuel tank would force 
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Fig. 56 Equilibrium polygon for Fig. 55, with required weight and moment plotted for several loading conditions 


0.975 m° sea water, or 1 ton overboard. The change in 
weight is assumed to occur at the location of the var- 
iable fuel tank, although actually there will also be a 
small change at the indeterminate location of the nor- 
mal fuel-oil tank to which the oil is transferred. 

The exterior broken line in Fig. 55 shows the effect 
of considering the negative tank as part of the variable 
ballast. This tank, located forward of the center of 
buoyancy and normally empty in the surfaced and sub- 
merged conditions, is customarily filled just prior to 
diving in order to expedite the operation. This causes 
the weight of the ship to exceed the submerged dis- 
placement by a few tons and produces a down angle 
on the ship, both of which are favorable to rapid sub- 
merging. The negative tank is blown when the ship 
reaches the ordered depth, restoring equilibrium. If 
necessary to meet very light equilibrium conditions, 
the negative tank may be treated as part of the var- 
iable ballast, if the loss of the advantage of its normal 
function in the light condition is accepted. 

The variable ballast can be adjusted so that its 
weight and moment correspond to the coordinates of 
any point within the polygon. Point P in Fig. 55, for 
example, can be reached by filling the after trim tank, 
moving from O to J; part of the after variable fuel 
tank, moving from / to S; then partially filling the 
auxiliaries, forward variable fuel tank and the forward 
trim tank. Line SR is parallel to and not longer than 


HG, RQ is parallel to and not longer than GF, and QP 
is parallel to and not longer than FE. This is only one 
of many ways in which point P can be reached. 

Fig. 56 is the polygon of Fig. 55, with the weight 
and moment of the variable ballast to balance for the 
various equilibrium conditions plotted. It is immedi- 
ately apparent from Fig. 56 that the ship cannot be 
brought to submerged equilibrium in Condition Heavy 
No. 2 in light sea water, and that all other conditions 
can be met without the use of the negative tank, al- 
though there is but little margin in the case of Light 
no. 2. 

10.7 Adjustment of Lead and Variable Ballast Tank- 
age. Under the conditions shown in Fig. 56, it is ap- 
parent from Figs. 52 and 53 that, if some lead ballast 
were removed, the amount of variable ballast required 
would be increased, and Condition Heavy No. 2 in Fig. 
56 would move upward into the polygon. Also, if some 
lead were shifted aft with no change in the total 
amount, this point would move horizontally to the right 
into the polygon. All other points in Fig. 56 repre- 


-senting equilibrium conditions would, in either case, 


move the same distance and in the same direction. This 
shows that all points may be moved, as if they were 
plotted on a separate piece of paper, either fore and 
aft or up and down, or a combination of both, by ad- 
justment of the lead ballast. There may be, of course, 
some physical limitation on the adjustment of lead, or 
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its removal may be precluded by considerations of 
transverse stability. 

In the case shown in Fig. 56, it is apparent that the 
spread of the points representing the equilibrium con- 
ditions is beyond the capacity of the variable water 
and variable fuel tanks, but that the constellation of 
points can be embraced by the polygon that includes 
the effect of the negative tank. If the ship were already 
built, the loss of complete effectiveness of the negative 
tank in diving in the light condition in heavy water 
would probably be accepted and Light No. 2 allowed 
to move into the area representing the effect of the 
negative tank. Otherwise, it would be prudent to con- 
sider an increase in the size of the polygon. In this 
situation, the polygon is usefu) in deciding which tank 
or tanks should be enlarged. It is a aha from Fig. 
56 that no improvement would result from increasing 
the capacity of the after variable fuel tank or the after 
trim tank, since this would only extend the polygon to 
the left. The greatest gain, per ton increase in capacity, 
would be obtained by increasing the size of the aux- 
iliary tanks, but if this were not feasible, increasing 
either the forward trim or the forward variable fuel 
tank would be effective. 

10.8 Stability in Depth. While the forces of weight 
and buoyancy can be brought very nearly to equilib- 
rium when a submarine is submerged, most subma- 
rines have no inherent stability with respect to depth 
since, as the ship settles or rises, no force is generated 


to return the ship to the original level. A situation may 
exist in which the water at greater depths may be 
appreciably heavier than that near the surface, be- 
cause of differences in temperature and salinity, which 
will enable the submarine to rest on the interface if 
its weight is greater than its displacement in the 
lighter water but less than its displacement in the 
heavier water. Otherwise, unless some force is applied, 
as by the planes or a hovering system, most subma- 
rines would eventually either rise to the surface or 
settle to the bottom. 

On the normal submarine, the pressure of the sea 
on the hull tends to produce an unstable condition. The 
loss of buoyancy due to compression of the hull as the 
ship settles exceeds the gain in buoyancy due to 
compression of the sea water and the resulting slight 
increase in its density. The net result is that buoyancy 
is decreased as the ship settles and increased as the 
ship rises. The effect of sea pressure would be aggra- 
vated if there were a partially filled tank open to the 
sea, since the air therein would expand and compress 
readily with changes in depth, expelling water when 
the ship was rising or admitting water settling. 

On some very rigid hulls, the effect is reversed, since 
the effect of compression of the hull is less than the 
effect of the compression of the sea water in increasing 
the water density. This results in a small gain in buoy- 
ancy as the ship settles, a small loss when it rises, and 
hence a minor stabilizing effect. 


Section 11 
The Trim Dive 


11.1 Basic Principles. The trim dive is an experi- 
mental determination of the weight and longitudinal 
moment of the load to submerge, as defined in Section 
10. 

Theoretically, the load to submerge could be ob- 
tained, as illustrated in Figs. 52 and 58 of Section 10, 
by deducting the light ship with lead, as determined 
from the inclining experiment, from the calculated fig- 
ures for the submerged displacement. The submerged 
displacement, however, cannot be calculated accu- 
rately because of numerous topside appendages. Also, 
the load to submerge, determined in this manner, 
would represent a small difference between two large 
quantities, and therefore subject to a larger error than 
if it were determined directly. It is therefore custom- 
ary to find the load to submerge experimentally, by 
an inventory of all weights aboard that comprise the 
load to submerge, taken while the ship is in submerged 
equilibrium. 

The load to submerge is used, as discussed in Section 
10, as the basis for calculating the variable ballast to 


balance in the various equilibrium conditions, which, 
in turn, determine the optimum weight and disposition 
of the lead ballast. 

11.2 Conducting the Trim Dive. The ship is com- 
pletely submerged in an area that is free from strong 
currents and sharp density gradients. The variable bal- 
last is carefully adjusted to bring the ship to sub- 
merged equilibrium. The ship is held at rest long 
enough to ensure that there is no fore-and-aft incli- 
nation and no appreciable tendency to rise or settle. 

While the ship is in submerged equilibrium, a sample 
of sea water is taken, preferably from a circulating 
system in operation, and the density determined. 

An inventory is taken of the weight and longitudinal 
moment of all items aboard (other than lead ballast) 
that are not part of the light-ship weight. As in the 
case of the inclining experiment, this inventory must 
be based on a comprehensive definition of the light- 
ship condition. The total weight and moment resulting 
from this inventory are the load to submerge and its 
longitudinal moment at the sea-water density observed 
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concurrent with the inventory. 

11.3 Report of the Trim Dive. The calculations 
made in the report of the trim dive involve converting 
the load to submerge at the density of the sea water 
in which the ship was submerged to its values at spe- 
cific volumes of 0.981, 0.975 and 0.971 m*/t. As men- 
tioned in Section 10, these values represent the 
variation in sea-water specific volume, and are used in 
the equilibrium conditions, where small variations in 
specific volume are important. The value of 0.975 
m?/t is used in stability calculations, as in the case 
of surface ships. 

When the inclining experiment and the trim dive 
have been completed, the weights and longitudinal mo- 
ments of the light ship with lead and of the load to 
submerge are known. Theoretically, the sum of these 
two items should correspond to the volumetric calcu- 
lations for the submerged displacement, but minor dis- 
crepancies are to be expected due to the inaccuracies 
involved in each of the three items. It is customary to 
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regard the submerged displacement from the inclining 
experiment and trim dive as being more accurate than 
that obtained from the volumetric calculations. 

The values of the load to submerge at the various 
sea-water specific volumes are obtained as follows: 

(a) The submerged displacement and its longitudi- 
nal moment at the time of the trim dive are obtained 
by adding the weights and moments of the light ship 
with lead from the inclining experiment and the load 
to submerge from the trim dive. 

(b) The submerged displacement and its longitudinal 
moment at 0.981, 0.975, or 0.971 m*/t are found by 
multiplying the weight and moment obtained in step 
(1) by the ratios of 0.981, 0.975, and 0.971 m*/t to the 
specific volume of the outside sea water. 

(c) The load to submerge and its longitudinal mo- 
ment at sp. vol of 0.981, 0.975, and 0.971 m*/t are 
obtained by subtracting the figures for the light ship 
with lead from the submerged displacement at those 
specific volumes. 


Section 12 
Methods of Improving Stability, Drafts and List 


12.1 Changes in Form. In the early stages of de- 
sign, variations in the ship’s form, usually changes in 
beam or depth, may be used effectively to obtain op- 
timum stability and drafts. The effects of changes in 
form on stability are discussed in detail in Section 4. 
Draft can be varied by changes in beam or fullness, 
and trim can be varied by increasing the fullness at 
one end of the ship and decreasing it at the other, thus 
moving the center of buoyancy in the desired direction. 
This must be done with caution, however, as it may 
have a serious adverse effect on resistance. Moreover, 
in cargo ships, and especially in tankers and ore car- 
riers, the benefit is partially offset by the resulting 
movement, in the same direction, of the center of grav- 
ity of the total cargo space. 

When extensive topside weight is to be added to an 
existing ship, drafts and stability may be improved by 
the installation of blisters which have the effect of 
increasing the ship’s beam, and may be used to adjust 
trim by moving the center of buoyancy longitudinally. 
There is also at least one case in which unsymmetrical 
blisters have been used successfully to remove an in- 
herent list, with improvement in drafts and stability. 

The full effect of intact stability improvement due 
to widening the ship’s beam by blisters or other means 
is not a complete measure of the net improvements in 
the case of damage stability. Where damage stability 
is governing in the ship’s required initial stability, the 
net stability improvement must be considered rather 
than the improvement in intact stability alone. 


12.2 Adjustment of Load. The effectiveness of ad- 
justing the load, as a means of improving stability, 
correcting trim and minimizing list, depends upon the 
ratio of the load to the total weight of the ship and 
the freedom that the operator has in the distribution 
of loads within the ship. One extreme is the cargo ship, 
loading mixed cargo of various densities, which can 
be stowed to obtain a wide variation in the ship’s center 
of gravity. The other exteme is a ship such as a tug, 
which carries very little load and each item is loaded 
in a specific location. 

In the former case, it is advisable to calculate the 
effect of each proposed loading on the stability and 
drafts, and to ensure that the cargo is stowed sym- 
metrically. The forward draft should be adequate to 
ensure against pounding in a seaway, and the after 
draft adequate to provide sufficient propeller immer- 
sion. The expected variation in the consumable load 
during the voyage should be taken into account. Any 
prescribed draft limitation should be observed. 

12.3 Permanent Ballast. Permanent ballast, judi- 
ciously located, can often be used to improve stability 
or trim, or to remove list. When installed primarily to 
improve one of these characteristics, ballast can often 
be used to improve the others as well. 

Permanent topside or ’tween-deck ballast has also 
been used to decrease the metacentric height of ships 
found to be too “stiff” for satisfactory operation. 

When the object is to increase stability, the use of 
a dense material, such as lead, iron, or concrete made 
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with a dense aggregate, is usually appropriate, since 
this will permit the installation of ballast at a lower 
center of gravity than a less dense material, and there- 
fore with a greater effect, per ton of ballast, in low- 
ering the ship’s center of gravity. 

If solid ballast is to be located in fuel tanks, there 
is a marked advantage in using metallic ballast, pref- 
erably lead. The effective weight of such ballast is its 
weight in oil. A dense material will displace less oil, 
per ton of effective weight, than a less dense type. 

When ballast is used to improve drafts or remove 
list, and lowering of the ship’s center of gravity is not 
required, ordinary concrete may be effective. In many 
cases, the ballast may be installed on several levels, 
in relatively thin layers, and the additional volume 
occupied by the less dense ballast is not important. 

The use of liquid ballast, preferably fresh water with 
a rust inhibitor, is often effective, and has the advan- 
tages of a lower material cost and easy removal. In 
some cases, however, considerable expense may be 
involved in reinforcing the structure to contain the 
ballast, as, for example, when it is located in a cargo 
hold and the strength of the deck above is not adequate 
to withstand the head imposed when the ship rolls or 
heels to a large angle. When permanent liquid ballast 
is used to improve stability, its location and effective- 
ness in case of underwater hull damage must be con- 
sidered. See Chapter III. 

The use of permanent ballast in surface ships occurs 
most often in ships that are being used for some pur- 
pose other than that for which they were designed. A 
common example is the naval auxiliary which has been 
converted from a merchant type, carries little or no 
cargo and has had considerable topside weight added. 

There is a common feeling that the installation of 
permanent ballast in new designs is undesirable, and 
an indication that the design is less than optimum. 
This is not necessarily the case. The outstanding ex- 
ample of essential ballast installation is the case of the 
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submarine, as previously discussed. 

12.4 Weight Removal. Removal of topside weight 
is the most effective method of improving stability 
because it will not only lower the ship’s center of grav- 
ity, but will also, in most cases, cause the center of 
buoyancy to move farther to the low side as the ship 
is inclined. Examination of the slope of the cross curves 
will indicate the increase in righting arm that will be 
obtained because of the decrease in displacement, to 
which will be added the increase in righting arm pro- 
duced by lowering of the ship’s center of gravity. 

Removals of topside weight are particularly advan- 
tageous in improving the stability of a ship that has 
little freeboard, when the addition of low weight may 
be completely ineffective in increasing the righting 
arms at significant angles of heel. In addition, weight 
removal is generally beneficial in improving the ship’s 
resistance to foundering after underwater damage. 

12.5 Loading Instructions. The studies of stability 
and trim made during the design stage may indicate 
that certain limitations must be placed on the ship’s 
loading in order to obtain satisfactory characteristics. 
These should be transmitted to the operating person- 
nel. This is particularly important in the case of sta- 
bility problems, because unsatisfactory stability, 
unlike unfavorable drafts or list, is an invisible source 
of potential danger, and the ship may be operated 
unknowingly in an unsafe condition. 

These limitations, together with information regard- 
ing the drafts and stability resulting from a variety 
of probable or possible loading conditions are usually 
presented to the owner by the designer in the form of 
a Stability Booklet, which in the United States must 
be approved by the U.S. Coast Guard for all merchant 
ships before a certificate of approval is issued. This 
booklet also usually contains the information regard- 
ing required GM referred to in Section 8 of this chapter 
and in Chapter III. The U.S. Navy provides similar 
loading instructions to its operators. 


Section 13 
Stability When Grounded 


The problem of the stability of grounded ships is 
limited, in general, to the dry docking of ships of rel- 
atively small GM, and to salvage operations. 

13.1 Stability During Dry Decking. When a vessel 
enters dry dock it generally has a trim and hence the 
keel makes an angle with the keel blocks.° 


* Frequently the keel blocks of dry docks are given a slight slope 
to facilitate dock drainage and also to make it easier to dock ships 
which trim by the stern. 


As the water level falls, due to the pumping out of 
the dry dock, the keel of the ship comes into contact 
with the keel blocks. Vessels are usually trimmed by 
the stern, in which case the after part of the keel will 
ordinarily touch first. The weight that is supported by 
the keel blocks at any subsequent time is the difference 
between the displacement when fully water borne and 
the displacement to the waterline in the aground con- 
dition. As the water continues to recede, the slope of 
i et gradually approaches the slope of the keel 

ocks. 


INTACT STABILITY 


The force exerted by the keel blocks has the same 
effect on the GM of the ship as would the removal of 
a corresponding weight from a position at the vessel’s 
keel. If the bilge blocks are considered as contributing 
to the ship’s stability, the condition of minimum sta- 
bility occurs when the keel blocks first make contact 
throughout the entire length of the keel just before 
the workmen have had time to haul the bilge blocks 
into place. 

If the weight on the keel blocks materially reduces 
the effective CH a ship with a small fully water-borne 
GM may become unstable and list to an appreciable 
angle before the bilge blocks can be hauled. To avoid 
this situation a ship with little GM should be trimmed‘ 
as nearly as practicable to the slope of the keel blocks 
before it enters the dry dock. The vessel can then be 
lowered in such a manner that all of the blocks will 
touch the keel at approximately the same time. The 
bilge blocks and the shores to the dock sides can be 
placed in their proper positions before much weight 
has been placed on the blocks, and hence before ap- 
preciable loss in effective GM has taken place. 

When a ship has just landed on the keel blocks, part 
of its weight is borne by the blocks and part of it is 
water borne. Consider the ship in Fig. 57 resting on 
the keel blocks with the waterline at W,L, which is 
below the water-borne waterline WL. 


P = upward force exerted by keel blocks 
M, = metacenter at waterline W,L, 

G = center of gravity of the water-borne ship 

W = displacement of the water-borne ship 
W — P = water-borne displacement at waterline 

iL, 
GM, = virtual metacentric height of ship at water- 
line W,L, 

If the force P is considered as a weight removed 
from the ship at point K, the center of gravity of the 
ship rises to point G,. This point is the virtual center 
of gravity of the partially water-borne ship. The virtual 
rise of the center of gravity is 


KG .P 
The virtual height of the center of gravity will be 
KG . P 
KG, = KG + oP 
kG .W 
al ee (1) 


‘Often it is not practicable to place the vessel in the condition 
indicated. In that event is must be handled with special care during 
the critical interval between the grounding at one end of the ship 
and the hauling of bilge blocks. If the trim is not excessive, the ship 
can usually be held upright by judicious use of side shores until the 
keel bears fore and aft, when the bilge blocks are hauled. 
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Fig. 57 Stability in dry deck 


The virtual metacentric height of the grounded ship 
is 


KG .W 
W-—P (82)° 


If the value of G,™, is low or negative, there is danger 
that the ship will assume a list before the bilge blocks 
are hauled unless it is otherwise supported. 

When a vessel enters dry dock with a trim, generally 
the most critical stage of docking is at the time when 
the vessel’s keel comes in contact with the keel blocks 
throughout its length. To investigate this special con- 
dition and to determine the force P at this stage the 
following calculations may be made: 

(a) Calculate the displacement and LCB of the fully 
water-borne ship for the trim at which it enters dry 
dock. 

(b) If the vessel is trimming by the stern and hence 
the after end of the keel touches the keel blocks first, 
calculate the moment of weight about the after end 
of the keel. This will be the product of the water-borne 
displacement and the horizontal distance from the 
after keel block to a point vertically below the LCB. 

(c) Draw several waterlines at an inclination to the 
keel equal to the slope of the dry-dock blocks repre- 
senting different displacements both greater and less 
than the water-borne displacement. Calculate the dis- 
placement and moment of buoyancy about the after 
end of the keel for each of these sloping waterlines. 
If the keel blocks should be level, then these waterlines 
will be parallel to the keel. 


GM, = KM, ~ 


5 Some authorities use the expression 


PEM, 
GM, — —- 


for the virtual metacentric height. This value is used in conjunction 
with the full water-borne displacement W to obtain the righting 
moment. 
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(ad) On graph paper, with displacements as abscissas 
and the moments as ordinates, plot a curve of moment 
of buoyancy about the after end of the keel. Also plot 
the moment of weight on the same graph (this will be 
a straight horizontal line). The point at which the mo- 
ment-of-buoyancy curve crosses the moment-of-weight 
line gives the displacement at the time the keel first 
bears fore and aft on the keel blocks. The difference 
between this displacement and the fully water-borne 
displacement is the weight supported by the keel block- 
ing; i.e., force P in Fig. 57. Having determined P, one 
can calculate the virtual metacentric height from 
Equation (32) above. 

The problem of stability during docking is often elim- 
inated entirely, especially for large heavy ships, by 
providing a cradle of bilge blocks and cribbing, shaped 
to conform to the contour of the bottom of the ship. 
This requires accurate control of the fore-and-aft po- 
sition of the ship, which is not necessary if sliding 
bilge blocks are used. 

13.2 Stability Stranded. When a ship is stranded 
on a fairly flat bottom, there is no question of trans- 
verse stability. 

There is only a remote possibility of a stranded ship 
capsizing as the result of ebbing tide. For this to occur 
it would be necessary for the ship to be grounded on 
a bottom such that there is no restraint to heeling in 
one or both directions until a very large angle is 
reached, as, for example, on a peak which was consid- 
erably higher than the surrounding bottom. When a 
ship is aground in this manner, as illustrated in Fig. 
11(b), the heel would increase as the tide ebbs. The 
attitude of the ship would always be such that the 
moment of buoyancy equals the moment of weight, or 
W . bin Fig. 11(b) would be equal to(W — R)a. Before 
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the ship could capsize, leaving the point of support, 
the reaction # must be reduced to zero. Since Wb = 
(W — R) a, when R = 0 aand b would be equal, or G 
would be directly above B,. The situation would be the 
same as if the ship were heeled to its range of positive 
stability, and the angle of heel could be determined 
from the statical stability curve corresponding to the 
ship’s weight and the position of its center of gravity. 
It can therefore be said that a stranded ship will not 
capsize, in the absence of other upsetting forces, until 
it reaches an angle of heel equivalent to its range of 
positive stability if it were afloat. 

The following conclusions may be drawn: 

(a) It is unlikely that a stranded ship will capsize 
unless its range of positive stability is much less than 
usual. Unless impaled, the ship would slide from the 
point of support when the tangent of the angle which 
the bottom of the ship makes with the horizontal ex- 
ceeds the coefficient of static friction between the bot- 
tom of the ship and the support. This angle is generally 
much smaller than the range of positive stability. 

(bo) If the angle of inclination approached the range 
of positive stability, only a relatively small strain 
would be required to free the ship as the reaction of 
the support approached zero. The point of application 
of the tow-line should be low, since only a small heeling 
moment would be required to capsize the ship. 

(c) The likelihood of capsizing with the expected var- 
iation in tide can be evaluated by assuming the ship 
heeled to its range of positive stability, drawing the 
waterline at the lowest expected level relative to the 
point of support, and estimating the displacement be- 
low this waterline. If this displacement exceeds the 
weight of the ship, the range of positive stability will 
not be reached. 


Section 14 
Intact Stability of Unusual Ship Forms 


14.1 Floating Platforms. Semi-submersible drilling 
platforms obtain static stability from surface-piercing 
columns that connect their submerged flotation bodies 
to the above-water platform. Analysis of their ability 
to withstand the upsetting forces of winds and waves 
(under varying loading conditions) is similar to the type 
of analysis made for conventional ship forms. The in- 
tact statical stability curve and the appropriate heeling 
arm curve superimposed on the stability curve are used 
to assess adequacy of stability. As noted in Section 
7.2, the minimum regulatory criterion for intact sta- 
bility is published by USCG in the Code of Federal 
Regulations (46 CFR 174). 

Recent model experiments have shown (Numata, 
Michel and McClure, 1976), however, that design cri- 


teria which emphasize overturning may be inappro- 
priate, since even with high winds and seas, the 
likelihood of pure wind/wave-induced overturning is 
minimal]. The above authors state, ‘The major needs 
for adequate stability are indicated to be for lessening 
the possibility of wave impact on the upper structure 
in heavy weather, and for minimizing motions due to 
secondary effects...” such as wave-induced heeling. 
These are problems discussed in Chapter VII. 

The American Bureau of Shipping publication, Rules 
for Building and Classing Offshore Mobile Drilling 
Units, contains specific criteria for drilling units and 
may be used as one source for such criteria. 

14.2. Advanced Marine Vehicles. 

(a) General. Various types of advanced marine 
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Fig. 58 Types of Advanced Marine Vehicles 


vehicles are able to attain unusually high speeds by 
means of special design features or devices, such as 
dynamic lift, fan-generated lift or narrow, twin hulls. 
A number of these are shown diagramatically in Fig. 
58. For such craft, separate treatment is required when 
dealing with intact stability for low-speed-displace- 
ment and high-speed modes of operation. 

When operating at low speeds in the hullborne or 
displacement mode, their stability problems are similar 
to those of conventional displacement ships. In gen- 
eral, high-performance craft are exposed to the same 
hazards as conventional ships, and thus the require- 
ments for adequate stability and buoyancy to resist 
the effects of these hazards are similar (Section 7.2). 
Hence, the same general approach to evaluating sta- 
bility is used for the advanced vehicles. Additionally, 
special problems peculiar to some of these vehicles 
may arise, all of which should be considered in the 
stability and buoyancy analysis. Examples of such 
problems are: low freeboard, with the hazard of ship- 
ping and trapping sea water, large center of gravity 
shifts due to extension or retraction of foils, weight 
constraints that might limit the number of watertight 
bulkheads, thin shell structure which is susceptible to 
damage from impact with waves or debris at high 
speeds or from collisions and, for the low waterplane 
catamaran types, the potential for large unsymmetr- 
ical flooding. Although the submerged foils of hydro- 
foil craft generally have a small effect on static 
stability, they do have a favorable effect on damping 
of rolling motion. Specific intact stability criteria for 
advanced marine vehicles in the displacement condition 
are contained in Goldberg & Tucker (1975). 

At the high speeds for which advanced marine ve- 
hicles are designed, however, their stability charac- 
teristics and the means of achieving stability are very 
different from those of conventional ships and vary 
considerably from one type to another. In November 
1977 IMO published a proposed code of safety for 
submerged foil-borne craft (IMO, 1977) but only very 
general guidance on the subject of stability for high- 
speed operation was included. In 1978, the U.S. Coast 
Guard initiated a study with the objective of developing 
intact stability criteria for the high-speed operation of 
advanced marine vehicles (Band, Lavis, 1979, 1981). 
Even though preliminary criteria were proposed, a 
great deal of work still requires to be performed before 
generalized definitive criteria can be established. Ac- 


ceptable criteria should encourage the development of 
safe designs without arbitrarily or unnecessarily re- 
stricting the designer. 

(b) Planing Hull. Compared with other types of 
advanced marine vehicles, the planing boat is well 
known and has been in wide use for very many years. 
For chine boats, the question of transverse stability 
has, over the years, been given very limited treatment. 
However, the fact that these craft were always beamy, 
with very large transverse GM when planing, seems 
to have ensured satisfactory stability in service. For 
the deep-V, high deadrise planing hulls, it has been 
found that longitudinal strakes or spray strips must 
be used to obtain satisfactory transverse stability. 

Planing hulls tend to be considerably stiffer in roll 
when operating at high speeds than when at rest. This 
is particularly true of low deadrise hull forms. As 
deadrise is increased, the stability is decreased. Lon- 
gitudinal instability can result in porpoising, which is 
discussed by Martin (1976). 

Existing stability standards do not necessarily rec- 
ognize the special considerations of the high speeds 
achievable by modern-day passenger-carrying planing 
(or semi-displacement) craft. Stability problems of 
planing craft have, traditionally, been solved empiri- 
cally and successfully by simple, practical remedies 
such as the use of ballast to move the center of gravity 
forward or the use of transom flaps or wedges to re- 
duce the running trim angle. In any case, the modes 
of instability that do occur, during the operation of 
planing craft at moderate speeds, are normally rather 
mild and can be avoided by the operator by decreasing 
trim (by thrustline or transom-flap control), by reduc- 
ing speed or by moving passengers or crew forward. 

(c) Small Waterplane Area Hull (SWATH). The 
SWATH is essentially a displacement catamaran. The 
small waterplane area featured in its design serves to 
decrease wave drag and to provide good seakeeping 
qualities. Intact stability must be provided in the same 
way as for a conventional ship. Ballast tanks are usu- 
ally provided to allow trim and draft to be carefully 
controlled and to provide damage control in the event 
of loss of buoyancy in any compartments. Some 
SWATH designs include horizontal control surfaces to 
provide additional trim control and stabilization at high 
speed. Since longitudinal metacentric height, GM,, will 
generally be of a similar magnitude to transverse me- 
tacentric height, GM, stabilization of heave, pitch and 
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roll are possible. This is unlike a conventional monohull 
for which only roll stabilization is usually feasible. 
Stability standards for SWATH forms are adequately 
covered in Goldberg, et al (1975). 

(a) Hydrofoil Craft. In the case of hydrofoil 
craft, intact stability while foilborne is attained en- 
tirely by hydrodynamic means, although there may be 
some incidental aerodynamic effects. Surface-piercing 
foils make it possible to attain stability passively, i.e. 
without automatic controls, since heel to one side will 
result in increased immersed foil area and hence lift 
on that side—and less on the opposite side—which 
produces a righting moment. However, some adjust- 
ment of one or more of the fixed foils is usually pos- 
sible, particularly to contro! running trim. Sometimes 
electronic stability augmentation systems are pro- 
vided, actuating trailing edge flaps, to improve the ride 
quality. 

For hydrofoil craft with fully submerged foils, an 
automatic control system or autopilot is essential, not 
only for transverse stability but for attaining proper 
elevation and trim relative to the water surface. The 
control system operates either by changing the angles 
of incidence of the foils individually or by adjusting 
trailing edge flaps. Such automatic systems can also 
control to some extent the wave-induced motions of 
pitch, heave and roll in moderate seas. See Mantle 
(1980). 

Current practice indicates that the nondimensional 
foilborne longitudinal metacentric height (GM,/L-) 
for a surface-piercing foil craft should lie between 3.5 
and 5.5, where L, is the longitudinal distance between 
foils. Also, the yawing moment contribution of the aft 
foils should be at least 20 percent greater than the 
moment contribution of the forward foils for adequate 
directional stability. 

One approximate method for determining the re- 
quired foilborne transverse metacentric height of a 
surface-piercing V-foil configuration is given in IMO 
(1977a), where it is shown that adequate transverse 
stability, for hydrofoil craft having V-foil systems, is 
obtained when 


(8) «s 


where H is height of CG above water surface. 


Boats with fully-submerged foils depend almost en- 
tirely on active controls for transverse stability. On 
the other hand, the available righting moment is usu- 
ally so large at normal foilborne speeds that wind loads 
and off-center passenger loads have negligible effect. 
Only at the lowest foilborne speed, or when forced 
below minimum flight speed, are such disturbances 
considerable. The mode of escape in such an event is 
to ditch the craft, which can be done quickly by cutting 
the throttle and reducing the height command. Poten- 
tial difficulties at takeoff can be avoided by choice of 
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a suitable course with respect to wind and sea direc- 
tions. 

One important source of roll disturbance is the water 
velocity due to the orbital motion in waves. In beam 
seas, the horizontal component of the orbital velocity 
produces sideslip and resultant side forces on the 
struts, while the vertical component alters the angle 
of attack, and hence the lift, on the foils. At any foil- 
borne speed, the righting moment obtainable from de- 
flection of the ailerons (and the rudder, if heel-to-steer 
control is provided) must be larger than the heeling 
moment produced by any possible beam-sea condition 
within the craft’s operational envelope. 

No widely accepted stability criteria for the foilborne 
mode have been established. See Goldberg, et al (1975) 
and bibliography. 

(e) Air Cushion Vehicles. When an air-cushion 
vehicle (ACV) operates in the cushion-borne mode, the 
craft is supported aerostatically by the air pressure in 
the cushion system. The transverse (or longitudinal) 
stability of a simple craft with a single air cushion and 
no flexible skirts or fixed sidewalls is inherently neg- 
ative. The reason is that the uniform air pressure act- 
ing across the under surface provides an upward 
buoyancy force that always acts through the center 
of pressure (CP) of the upper surface of the air cham- 
ber (which is on the centerline of a symmetrical hull), 
while the downward weight force acting through the 
CG (usually above the CP) will be displaced in the 
direction of heel (or trim), thus producing an upsetting 
moment. 

One method of improving stability at low speeds is 
to subdivide the air cushion by means of air jets or 
flexible skirt kKeels—at least one fore-and-aft and one 
athwartships. In the hypothetical case of little or no 
air leakage, when the craft heels (or trims), the air in 
the heeled-down compartment would be compressed, 
thus increasing the pressure, while the air in the raised 
compartment would expand, thus decreasing the pres- 
sure. The result would be a righting moment of buoy- 
ancy which would tend to counteract the effect of the 
off-center weight vector. 

In actual ACVs air is supplied by a lift system of 
fans and leaks continuously through the open gap be- 
tween the water and the craft’s seal system. In early 
designs, the seal system consisted of peripheral jets 
or skirts that are flexible and designed so that heel or 
trim will give rise to a skirt deflection that will shift 
the geometrical center of pressure to cause a righting 
moment, Fig. 59. In some early designs, these air leak- 
age forces were partially controlled with variable ge- 
ometry skirts. As skirt designs have progressed the 
complex peripheral jets and controllable geometry de- 
signs have been replaced by much simpler and more 
effective skirts of the bag-and-finger type. If cushion 
compartmentation as well as flexible skirts are pro- 
vided, additional stability will result. When heeled the 
gap and hence air leakage in the down side are reduced 
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Fig. 59 ACV stability 


and the air pressure increases while the leakage in- 
creases on the high side, with a corresponding pressure 
drop. Again a righting moment results. 

Under way, particularly at higher speeds, the air 
cushion vehicle develops aerodynamic and hydrody- 
namic forces and moments affecting the craft’s sta- 
bility, and these must be considered in design. 
Incidents of trim and heel instability have occasionally 
caused some craft to plow-in and/or capsize, usually 
during turning maneuvers under severe weather con- 
ditions. Hence, efforts must be made by experiments 
and full-scale trials to ensure that dynamic effects on 
stability are favorable. 

It is customary among ACV designers to make use 
of a non-dimensional transverse stiffness measure for 
evaluating stability, GM,/B, where GM; is the trans- 
verse metacentric height on cushion and B is the over- 
all beam. In calculating or estimating GM, the principal 
effect to be taken into account is the shift of the center 
of cushion pressure with heel relative to the vertical 
through the CG. For convenience, approximate empir- 
ical relations have been devised for the design evalu- 
ation of stiffness. 

Criteria for minimum acceptable values of on-cush- 
ion stiffness have been adopted by designers in indi- 
vidual cases on the basis of specified maximum angles 
of heel under the influence of various possible heeling 
moments. More generally, statistical analyses of cas- 
ualty records have indicated acceptable values of stiff- 
ness for different types of craft. However, no widely 
accepted criteria have yet been established. Informa- 
tion on high-speed cushion-mode criteria is given by 
Trillo (1971), Mantle (1980) and Wachnik and Living- 
ston (1980), as well as Band, Lavis Assoc. (1979). 

Surface Effect Ship (SES). Surface Effect 
Ships (SES) utilize another method of obtaining trans- 
verse stability: immersed sidewall structures contain- 
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ing sufficient volume to provide significant buoyancy 
and dynamic lift when under way in the cushion-borne 
mode. The static shift of center of buoyancy when the 
craft heels can then be calculated and stability deter- 
mined in a similar manner as for a conventional hull, 
except that the waterline inside the hulls is lower than 
on the outside. Longitudinal stability is attained by the 
use of flexible seals at bow and stern, supplementing 
the buoyant moments of the sidewalls. 

Transverse stability must be carefully evaluated 
during the design stages. This is particularly true for 
SES with high ratios of length to beam. The Navy’s 
XR-5, for example, which has a length-to-beam ratio 
of 6.54, was subjected to a series of rudder-reversal 
tests, in simulated collision-avoidance maneuvers, with 
a range of CG heights, to determine acceptable ratios 
of CG height-to-beam. 

As in the case of ACVs, no forma] criteria for trans- 
verse and longitudinal stability have been established. 
But acceptable values of GM/B have been tentatively 
determined by empirical analysis of experimental and 
casualty data for different types of SES. See Band, 
Lavis (1981) and Lavis, et al (1982). 
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CHAPTER lil 


Subdivision and Damage 
Stability 


Section 1 
Introduction 


1.1. General. All types of ships and boats are sub- 
ject to the risk of sinking if they lose their watertight 
integrity, whether by collision, grounding or internal 
accident such as an explosion. (Exceptions, of course, 
are vessels constructed entirely of buoyant materials 
and having mostly buoyant contents.) Such accidents 
are frequent enough in practice that some degree of 
protection against the effects of accidental flooding is 
an essential feature of the design of any water craft. 
The most effective protection is provided by internal 
subdivision by means of watertight transverse and/or 
longitudinal bulkheads, and by some horizontal sub- 
division—double bottoms in commercial ships and wa- 
tertight flats in naval vessels. Such protection is by no 
means new, for Marco Polo, near the end of the thir- 
teenth century, referred to watertight bulkheads in 
Chinese junks. 

The flooding of a ship’s hull can have one or the 
other of two principal consequences. One is loss of 
buoyancy and change of trim, which if unchecked will 
lead to sinking by foundering. The other is loss of 
transverse stability or build-up of such an upsetting 
moment that capsizing takes place. The nature and 
arrangement of the internal subdivision to control 
these effects will be discussed in this chapter. How- 
ever, it will be shown that there are many uncertainties 
in providing adequate subdivision. First of all, the lo- 
cation and extent of damage to be protected against 
is unknown in advance. Second, the amount, type and 
location of cargo and liquids in the ship varies both 
during and between voyages. Finally, the designer can- 
not be sure that corrective measures that might be 
followed by the ship’s officers in an emergency will be 
taken—or that hazardous steps might be adopted by 
mistake. Furthermore, subdivision inevitably adds to 
the cost of the ship and may interfere with its ability 
to perform its function economically. In fact, a ship so 
ideally compartmented as to be virtually unsinkable 
might be of no economic or military value whatsoever. 

Consequently, the subdivision of ships inevitably in- 


volves a compromise between safety and cost. This 
dilemma has been partially resolved for passenger 
ships by the development of national and international 
standards of what is considered acceptable, consider- 
ing the size and type of ship, the number of passengers 
carried, the nature of the service, etc. Hence, consid- 
erable attention will be given in this chapter to the 
development of such passenger ship standards and to 
the current status of the various standards now in 
effect. 

It will be seen that for cargo ships subdivision stan- 
dards have been minimal. However, for these vessels, 
the above dilemma of cost versus safety can be re- 
solved more scientifically, provided that loss of human 
life can be ruled out by virtue of reliable provisions 
for lifesaving—with time to use them provided by 
some subdivision. This approach is based on probability 
calculations to minimize the expected cost, which is 
the sum of the extra cost of the subdivision and the 
so-called failure cost, the total value of the ship and 
its contents multiplied by the probability of its loss 
during its lifetime. This procedure has been applied to 
design problems of off-shore structures (Freudenthal, 
1969),’ but has not yet been standardized by regula- 
tions. 

For passenger ships, where it is unrealistic to as- 
sume no risk to human life, the problem is that it is 
difficult to put a dollar value on a life. However, efforts 
have been made to evaluate statistically the levels of 
risk actually found in different modes of transportation 
and hence to draw conclusions regarding what people 
generally consider acceptable (W. European Conf., 
1977). Furthermore, court decisions have in effect es- 
tablished a value for human life by the awards made 
in actions brought before them. 

It will be shown in this chapter how a trend toward 


"Complete references are listed at end of chapter. 
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probabilistic solutions is well along in the area of ship 
subdivision standards. A similar probabilistic approach 
is being applied in the field of ship structural design, 
as discussed in Chapter IV. The probability approach 
can also be extended to cover the cost of environmental 
damage resulting from accidents involving ships. 

1.2 Historical. In the late nineteenth century, clas- 
sification societies established empirical rules for the 
installation of bulkheads in merchant ships, primarily 
fore and after peak bulkheads and bulkheads sepa- 
rating the machinery space from cargo holds. These 
classification society provisions were not based on any 
specific degree of floodability (and are not today). 

In the late nineteenth and early twentieth century 
the major maritime nations were studying means for 
determining the capability of ships to resist flooding 
and various proposals were put forth by governmental 
regulatory bodies. This interest was spurred by the 
increasing number of maritime disasters involving 
large losses of human life, culminating in the loss of 
the Titanie with 1430 lives in 1912. In 1913 an inter- 
national conference on Safety of Life at Sea considered 
studies by the British Board of Trade, regulations es- 
tablished by the Society of German Shipowners and a 
factorial system proposed by the French. The regu- 
lations formulated were a compromise among these 
systems, but owing in part to the advent of World War 
I, never came into effect. In 1929 another full Inter- 
national Conference on Safety of Life at Sea was con- 
vened (Tawresey, 1929). An agreement was finally 
reached on a factorial system of subdivision employing 
acriterion of service formulation, aimed at evaluating 
for any given vessel the relative importance of cargo 
and passenger carrying functions. This system of sub- 
division, discussed in Section 7, left much to be desired 
and, except for vague generalities, stability was not 
considered. 

The United States did not immediately ratify the 
1929 convention and until 1986 had essentially no man- 
datory subdivision requirements. Public opinion was 
aroused by the loss of the Mohawk by collision and 
the Morro Castle by fire. The investigations into these 
losses led to proposed standards of subdivision and 
stability which substantially improved on the 1929 con- 
vention, and these were put into U.S. regulatory form 
that year. With modifications, these standards are still 
incorporated in the present U.S. Regulations for Pas- 
senger Vessels. Also in 1936 the Maritime Commission 
was established to revive the American Merchant Ma- 
rine and to establish an American fleet capable of sup- 
porting our military forces in time of war. Since they 
were considered as naval auxiliaries, all large ships 
built under subsidy or with the financial support of the 
Maritime Commission, were, and still are, required to 
meet not less than a one-compartment standard of 
subdivision, i.e., they are designed to stay afloat with 
any one compartment flooded. 

Later International Conferences on Safety of Life 
at Sea (SOLAS) took place in 1948 and 1960, resulting 


PRINCIPLES OF NAVAL ARCHITECTURE 


in only minor modifications, adopting higher standards 
for vessels carrying large number of passengers on 
short voyages (cross-channel type), and increasing the 
proportion of ships required to meet a 2-compartment 
standard. At the 1960 SOLAS Conference, however, 
new concepts were proposed for future discussion 
(Richmond, 1960). One stated that the safety of a ship 
can be measured by the extent of damage it could 
survive. Another dealt with the survival of damage on 
a probability basis. While these new concepts were 
under discussion the capsizing of the liner Andrea 
Doria, which had been built to the 1948 Standards, 
gave a shocking demonstration of the inad- 
equacies of practical application of the stability pro- 
visions of the 1948 convention. This spurred the mar- 
itime nations to agree upon a continued study of this 
subject under the auspices of the then-called Inter- 
Governmental Maritime Consultative Organization 
(IMCO),”? [See 71A] the United Nations affiliate that 
had been established in 1958. 

During the 1960’s there were two significant devel- 
opments. First, the regular meetings of the Technical 
Subcommittee of IMCO on Subdivision and Stability 
brought together the technical representatives of the 
majority of maritime nations in the world. The ex- 
change of information on casualty data and accident 
experience of all individual countries stimulated the 
members to strive for more rational and sounder cri- 
teria of subdivision. Second, there was a simultaneous 
expansion throughout the world in the utilization of 
computers for the calculation of vessel characteristics 
and subdivision capabilities. From the days in the 
1930’s and 1940’s when the calculation of floodable 
length curves and damage stability characteristics 
took weeks of manual calculations, equal or better 
results could now be obtained by relatively few man- 
hours of naval architect’s labor and a few minutes of 
modern computer time. 

During these years the dramatic rise in concern over 
the environment, first evidenced in the 1954 Confer- 
ence on Marine Pollution (MARPOL), coupled with the 
above mentioned increase in international activities in 
the subdivision field, resulted in the inclusion of a per- 
missive standard for tanker subdivision in the 1966 
U.S. Load Line Act. This was made a required standard 
in the 1973 MARPOL, and in the U.S. Ports and Water- 
ways Act of 1972. 

Meanwhile, proponents of the probabilistic approach 
to subdivision were discussing and arguing the matter 
extensively at IMCO. They were successful in getting 
support for an IMCO Resolution which in 1973 ac- 
cepted this new approach to subdivision and adopted 
new standards based on the probabilistic approach, as 
a permissive alternative to the 1960 SOLAS Conven- 


? IMCO (Inter-governmental Maritime Consultative Organization) 
recently has changed its name to IMO (International Maritime Or- 
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tion requirements. The 1974 Conference on Safety of 
Life At Sea, which came into force in 1980, also en- 
dorsed this approach as an alternative, but continued 
to permit the basic factorial provisions of the 1960 
Convention. The new alternative regulations are dis- 
cussed in Robertson, et al (1974), ‘““The New Equivalent 
International Regulations on Subdivision and Stability 
of Passenger Ships.” See Section 8. 

Up to 1970, international agreements on subdivision 
were limited entirely to passenger ships, which were 
defined as those carrying more than 12 passengers, 
and as a permissive rather than a required approach, 
to tankers. After 1970, however, in rapid succession, 
the IMCO group put forth international recommen- 
dations for the subdivision of bulk chemical carriers 
and liquefied gas carriers, for the required subdivision 
of tankers, and for the subdivision of mobile offshore 
drilling units. Some of these have also been incorpo- 
rated in U.S. Coast Guard Regulations. Subsequently, 
a recommendation for subdivision of offshore supply 
vessels was issued and a recommendation for subdi- 
vision of large fishing vessels was contained in the 
1977 Convention on the Safety of Fishing Vessels. A 
recommendation for special purpose craft, including 
oceanographic ships, training ships, fish processing 
and research ships, etc. is currently in the process of 
approval and issuance at IMO, as it is now called, for 
guidance of designers. 

In all of these later conventions and IMO recom- 
mendations, the factorial system of subdivision has 
been dropped completely. The designated ships gen- 
erally have to meet a one-compartment standard, with 
some types of ships required to meet a two-compart- 
ment standard at certain locations along their lengths. 
The approach to subdivision has also changed from 
the previous preoccupation with sinkage and trim to 
a more realistic treatment, whereby the damaged ship 
is analyzed for its floodability and stability in both the 
longitudinal and transverse directions. 

With the technical representatives of the maritime 
nations still meeting regularly at IMO, changes and 
further development of international regulations and 
recommendations are inevitable. Naval architects in 
the future will have to keep in close touch with the 
regulatory authorities to ensure that their designs 
meet the regulations in effect at that time. 

During the past century, while naval architects were 
being pushed to develop means of analyzing the effect 
of flooding on commercial vessels and the means of 
subdividing these vessels to improve their resistance 
to sinkage and capsizing after flooding, there was a 
similar push from naval authorities around the world 
to improve the ability of naval vessels to survive flood- 
ing from the sea due to action by an enemy, as well 
as by collision. While the causes and extent of the 
flooding and the required survival conditions are dif- 
ferent between commercial and naval vessels, the prin- 
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ciples used in analyzing and evaluating the effects of 
flooding are the same. In the United States, the Navy 
has been in the forefront of developing means and 
methods of calculation and analysis to be used in de- 
termining the effectiveness of compartmentation in re- 
sisting the effects of flooding. 

1.3 Need for Standards. Standards are necessary 
as a basis for regulations if a regulatory body is to 
administer safety requirements equitably among all 
commercial vessels under its jurisdiction. National 
standards are generally established by countries to 
protect its citizens, its wealth in the form of cargo, 
and its environment, from the hazards of the sea. It 
is a truism that the more severe the standard adopted 
for subdivision and stability, the greater the proba- 
bility that capital and operating costs will be increased. 
For example, too close spacing of bulkheads may un- 
necessarily increase both the first cost and operating 
costs and may also seriously restrict the vessel’s use- 
fulness. 

If a nation were to adopt national standards which 
are in excess of the standards used by competing mar- 
itime nations, a competitive advantage would be given 
to the latter nations. Only by having international stan- 
dards can these competitive pressures be equalized. 

In the early years of international discussions on 
subdivision and stability, agreements on effective in- 
ternational regulations, particularly for damage sta- 
bility, were impeded by fear that excessive and 
its effect on severity of rolling would seriously curtail 
the comfort and safety of passengers. This fear has 
largely been dispelled now as a result of years of 
satisfactory operating experience with higher GM, 
along with the development of both passive and active 
systems of roll stabilization. 

The naval architectural profession welcomes rec- 
ognized standards which can guide in the many prac- 
tical compromises between safety and cost which 
always arise in any new design. They are effective tools 
for the designers in resisting the demands of non- 
technical operators who often cannot grasp the rea- 
sons for effective compartmentation. They are, fur- 
thermore, very good protection against the possibility 
of liability for damages in the event of a casualty. 

Although the U.S. Navy is also concerned with ship 
survival in case of collision or grounding, the primary 
consideration in the subdivision of naval combatant 
and personnel carrying ships is the probability of sur- 
viving an enemy hit or hits, with adequate residual 
stability and buoyancy. Consequently the Navy re- 
quires each type of new ship to be able to survive a 
specific extent of damage (as a percentage of length), 
although the standards are classified in some cases. 

Before dealing with international standards, the fun- 
damental effects of damage and methods of making 
calculations of subdivision and damage stability will 
be discussed. 
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CHAPTER lil 


Subdivision and Damage 
Stability 


Section 1 
Introduction 


1.1. General. All types of ships and boats are sub- 
ject to the risk of sinking if they lose their watertight 
integrity, whether by collision, grounding or internal 
accident such as an explosion. (Exceptions, of course, 
are vessels constructed entirely of buoyant materials 
and having mostly buoyant contents.) Such accidents 
are frequent enough in practice that some degree of 
protection against the effects of accidental flooding is 
an essential feature of the design of any water craft. 
The most effective protection is provided by internal 
subdivision by means of watertight transverse and/or 
longitudinal bulkheads, and by some horizontal sub- 
division—double bottoms in commercial ships and wa- 
tertight flats in naval vessels. Such protection is by no 
means new, for Marco Polo, near the end of the thir- 
teenth century, referred to watertight bulkheads in 
Chinese junks. 

The flooding of a ship’s hull can have one or the 
other of two principal consequences. One is loss of 
buoyancy and change of trim, which if unchecked will 
lead to sinking by foundering. The other is loss of 
transverse stability or build-up of such an upsetting 
moment that capsizing takes place. The nature and 
arrangement of the internal subdivision to control 
these effects will be discussed in this chapter. How- 
ever, it will be shown that there are many uncertainties 
in providing adequate subdivision. First of all, the lo- 
cation and extent of damage to be protected against 
is unknown in advance. Second, the amount, type and 
location of cargo and liquids in the ship varies both 
during and between voyages. Finally, the designer can- 
not be sure that corrective measures that might be 
followed by the ship’s officers in an emergency will be 
taken—or that hazardous steps might be adopted by 
mistake. Furthermore, subdivision inevitably adds to 
the cost of the ship and may interfere with its ability 
to perform its function economically. In fact, a ship so 
ideally compartmented as to be virtually unsinkable 
might be of no economic or military value whatsoever. 

Consequently, the subdivision of ships inevitably in- 


volves a compromise between safety and cost. This 
dilemma has been partially resolved for passenger 
ships by the development of national and international 
standards of what is considered acceptable, consider- 
ing the size and type of ship, the number of passengers 
carried, the nature of the service, etc. Hence, consid- 
erable attention will be given in this chapter to the 
development of such passenger ship standards and to 
the current status of the various standards now in 
effect. 

It will be seen that for cargo ships subdivision stan- 
dards have been minimal. However, for these vessels, 
the above dilemma of cost versus safety can be re- 
solved more scientifically, provided that loss of human 
life can be ruled out by virtue of reliable provisions 
for lifesaving—with time to use them provided by 
some subdivision. This approach is based on probability 
calculations to minimize the expected cost, which is 
the sum of the extra cost of the subdivision and the 
so-called failure cost, the total value of the ship and 
its contents multiplied by the probability of its loss 
during its lifetime. This procedure has been applied to 
design problems of off-shore structures (Freudenthal, 
1969),’ but has not yet been standardized by regula- 
tions. 

For passenger ships, where it is unrealistic to as- 
sume no risk to human life, the problem is that it is 
difficult to put a dollar value on a life. However, efforts 
have been made to evaluate statistically the levels of 
risk actually found in different modes of transportation 
and hence to draw conclusions regarding what people 
generally consider acceptable (W. European Conf., 
1977). Furthermore, court decisions have in effect es- 
tablished a value for human life by the awards made 
in actions brought before them. 

It will be shown in this chapter how a trend toward 


"Complete references are listed at end of chapter. 
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probabilistic solutions is well along in the area of ship 
subdivision standards. A similar probabilistic approach 
is being applied in the field of ship structural design, 
as discussed in Chapter IV. The probability approach 
can also be extended to cover the cost of environmental 
damage resulting from accidents involving ships. 

1.2 Historical. In the late nineteenth century, clas- 
sification societies established empirical rules for the 
installation of bulkheads in merchant ships, primarily 
fore and after peak bulkheads and bulkheads sepa- 
rating the machinery space from cargo holds. These 
classification society provisions were not based on any 
specific degree of floodability (and are not today). 

In the late nineteenth and early twentieth century 
the major maritime nations were studying means for 
determining the capability of ships to resist flooding 
and various proposals were put forth by governmental 
regulatory bodies. This interest was spurred by the 
increasing number of maritime disasters involving 
large losses of human life, culminating in the loss of 
the Titanie with 1430 lives in 1912. In 1913 an inter- 
national conference on Safety of Life at Sea considered 
studies by the British Board of Trade, regulations es- 
tablished by the Society of German Shipowners and a 
factorial system proposed by the French. The regu- 
lations formulated were a compromise among these 
systems, but owing in part to the advent of World War 
I, never came into effect. In 1929 another full Inter- 
national Conference on Safety of Life at Sea was con- 
vened (Tawresey, 1929). An agreement was finally 
reached on a factorial system of subdivision employing 
acriterion of service formulation, aimed at evaluating 
for any given vessel the relative importance of cargo 
and passenger carrying functions. This system of sub- 
division, discussed in Section 7, left much to be desired 
and, except for vague generalities, stability was not 
considered. 

The United States did not immediately ratify the 
1929 convention and until 1986 had essentially no man- 
datory subdivision requirements. Public opinion was 
aroused by the loss of the Mohawk by collision and 
the Morro Castle by fire. The investigations into these 
losses led to proposed standards of subdivision and 
stability which substantially improved on the 1929 con- 
vention, and these were put into U.S. regulatory form 
that year. With modifications, these standards are still 
incorporated in the present U.S. Regulations for Pas- 
senger Vessels. Also in 1936 the Maritime Commission 
was established to revive the American Merchant Ma- 
rine and to establish an American fleet capable of sup- 
porting our military forces in time of war. Since they 
were considered as naval auxiliaries, all large ships 
built under subsidy or with the financial support of the 
Maritime Commission, were, and still are, required to 
meet not less than a one-compartment standard of 
subdivision, i.e., they are designed to stay afloat with 
any one compartment flooded. 

Later International Conferences on Safety of Life 
at Sea (SOLAS) took place in 1948 and 1960, resulting 
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in only minor modifications, adopting higher standards 
for vessels carrying large number of passengers on 
short voyages (cross-channel type), and increasing the 
proportion of ships required to meet a 2-compartment 
standard. At the 1960 SOLAS Conference, however, 
new concepts were proposed for future discussion 
(Richmond, 1960). One stated that the safety of a ship 
can be measured by the extent of damage it could 
survive. Another dealt with the survival of damage on 
a probability basis. While these new concepts were 
under discussion the capsizing of the liner Andrea 
Doria, which had been built to the 1948 Standards, 
gave a shocking demonstration of the inad- 
equacies of practical application of the stability pro- 
visions of the 1948 convention. This spurred the mar- 
itime nations to agree upon a continued study of this 
subject under the auspices of the then-called Inter- 
Governmental Maritime Consultative Organization 
(IMCO),”? [See 71A] the United Nations affiliate that 
had been established in 1958. 

During the 1960’s there were two significant devel- 
opments. First, the regular meetings of the Technical 
Subcommittee of IMCO on Subdivision and Stability 
brought together the technical representatives of the 
majority of maritime nations in the world. The ex- 
change of information on casualty data and accident 
experience of all individual countries stimulated the 
members to strive for more rational and sounder cri- 
teria of subdivision. Second, there was a simultaneous 
expansion throughout the world in the utilization of 
computers for the calculation of vessel characteristics 
and subdivision capabilities. From the days in the 
1930’s and 1940’s when the calculation of floodable 
length curves and damage stability characteristics 
took weeks of manual calculations, equal or better 
results could now be obtained by relatively few man- 
hours of naval architect’s labor and a few minutes of 
modern computer time. 

During these years the dramatic rise in concern over 
the environment, first evidenced in the 1954 Confer- 
ence on Marine Pollution (MARPOL), coupled with the 
above mentioned increase in international activities in 
the subdivision field, resulted in the inclusion of a per- 
missive standard for tanker subdivision in the 1966 
U.S. Load Line Act. This was made a required standard 
in the 1973 MARPOL, and in the U.S. Ports and Water- 
ways Act of 1972. 

Meanwhile, proponents of the probabilistic approach 
to subdivision were discussing and arguing the matter 
extensively at IMCO. They were successful in getting 
support for an IMCO Resolution which in 1973 ac- 
cepted this new approach to subdivision and adopted 
new standards based on the probabilistic approach, as 
a permissive alternative to the 1960 SOLAS Conven- 


? IMCO (Inter-governmental Maritime Consultative Organization) 
recently has changed its name to IMO (International Maritime Or- 
ganization). 
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tion requirements. The 1974 Conference on Safety of 
Life At Sea, which came into force in 1980, also en- 
dorsed this approach as an alternative, but continued 
to permit the basic factorial provisions of the 1960 
Convention. The new alternative regulations are dis- 
cussed in Robertson, et al (1974), ‘““The New Equivalent 
International Regulations on Subdivision and Stability 
of Passenger Ships.” See Section 8. 

Up to 1970, international agreements on subdivision 
were limited entirely to passenger ships, which were 
defined as those carrying more than 12 passengers, 
and as a permissive rather than a required approach, 
to tankers. After 1970, however, in rapid succession, 
the IMCO group put forth international recommen- 
dations for the subdivision of bulk chemical carriers 
and liquefied gas carriers, for the required subdivision 
of tankers, and for the subdivision of mobile offshore 
drilling units. Some of these have also been incorpo- 
rated in U.S. Coast Guard Regulations. Subsequently, 
a recommendation for subdivision of offshore supply 
vessels was issued and a recommendation for subdi- 
vision of large fishing vessels was contained in the 
1977 Convention on the Safety of Fishing Vessels. A 
recommendation for special purpose craft, including 
oceanographic ships, training ships, fish processing 
and research ships, etc. is currently in the process of 
approval and issuance at IMO, as it is now called, for 
guidance of designers. 

In all of these later conventions and IMO recom- 
mendations, the factorial system of subdivision has 
been dropped completely. The designated ships gen- 
erally have to meet a one-compartment standard, with 
some types of ships required to meet a two-compart- 
ment standard at certain locations along their lengths. 
The approach to subdivision has also changed from 
the previous preoccupation with sinkage and trim to 
a more realistic treatment, whereby the damaged ship 
is analyzed for its floodability and stability in both the 
longitudinal and transverse directions. 

With the technical representatives of the maritime 
nations still meeting regularly at IMO, changes and 
further development of international regulations and 
recommendations are inevitable. Naval architects in 
the future will have to keep in close touch with the 
regulatory authorities to ensure that their designs 
meet the regulations in effect at that time. 

During the past century, while naval architects were 
being pushed to develop means of analyzing the effect 
of flooding on commercial vessels and the means of 
subdividing these vessels to improve their resistance 
to sinkage and capsizing after flooding, there was a 
similar push from naval authorities around the world 
to improve the ability of naval vessels to survive flood- 
ing from the sea due to action by an enemy, as well 
as by collision. While the causes and extent of the 
flooding and the required survival conditions are dif- 
ferent between commercial and naval vessels, the prin- 
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ciples used in analyzing and evaluating the effects of 
flooding are the same. In the United States, the Navy 
has been in the forefront of developing means and 
methods of calculation and analysis to be used in de- 
termining the effectiveness of compartmentation in re- 
sisting the effects of flooding. 

1.3 Need for Standards. Standards are necessary 
as a basis for regulations if a regulatory body is to 
administer safety requirements equitably among all 
commercial vessels under its jurisdiction. National 
standards are generally established by countries to 
protect its citizens, its wealth in the form of cargo, 
and its environment, from the hazards of the sea. It 
is a truism that the more severe the standard adopted 
for subdivision and stability, the greater the proba- 
bility that capital and operating costs will be increased. 
For example, too close spacing of bulkheads may un- 
necessarily increase both the first cost and operating 
costs and may also seriously restrict the vessel’s use- 
fulness. 

If a nation were to adopt national standards which 
are in excess of the standards used by competing mar- 
itime nations, a competitive advantage would be given 
to the latter nations. Only by having international stan- 
dards can these competitive pressures be equalized. 

In the early years of international discussions on 
subdivision and stability, agreements on effective in- 
ternational regulations, particularly for damage sta- 
bility, were impeded by fear that excessive and 
its effect on severity of rolling would seriously curtail 
the comfort and safety of passengers. This fear has 
largely been dispelled now as a result of years of 
satisfactory operating experience with higher GM, 
along with the development of both passive and active 
systems of roll stabilization. 

The naval architectural profession welcomes rec- 
ognized standards which can guide in the many prac- 
tical compromises between safety and cost which 
always arise in any new design. They are effective tools 
for the designers in resisting the demands of non- 
technical operators who often cannot grasp the rea- 
sons for effective compartmentation. They are, fur- 
thermore, very good protection against the possibility 
of liability for damages in the event of a casualty. 

Although the U.S. Navy is also concerned with ship 
survival in case of collision or grounding, the primary 
consideration in the subdivision of naval combatant 
and personnel carrying ships is the probability of sur- 
viving an enemy hit or hits, with adequate residual 
stability and buoyancy. Consequently the Navy re- 
quires each type of new ship to be able to survive a 
specific extent of damage (as a percentage of length), 
although the standards are classified in some cases. 

Before dealing with international standards, the fun- 
damental effects of damage and methods of making 
calculations of subdivision and damage stability will 
be discussed. 
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Section 2 
Fundamental Effects of Damage 


If the shell of a ship is damaged so as to open one 
or more internal spaces to the sea, leakage will take 
place between the sea and these spaces until stable 
equilibrium is established or until the ship sinks or 
capsizes. It is impractical to design a ship to withstand 
any possible damage due to collision, grounding or 
military action. The degree to which a vessel ap- 
proaches this ideal is the true measure of its safety. 

The probability that a ship will survive damage re- 
sulting in flooding is dependent upon a number of var- 
iable interrelated factors (Comstock & Robertson, 
1961). Some consideration of these factors is useful as 
a basis for design, as well as in making calculations. 

2.1 Extent of Damage and Location and Number of 
Bulkheads. The length and depth of damage, and its 
location relative to transverse bulkheads, has a strong 
influence on probability of survival. In general, it might 
be expected that the more bulkheads the safer the 
ship. But damage may occur entirely between adjacent 
bulkheads or may involve one or more bulkheads. 
Hence, for a given length of damage, any increase in 
the number of bulkheads may actually increase the 
likelihood of bulkhead damage, which would reduce 
rather than increase the chances of survival. Inter- 
national subdivision standards, discussed in Sections 
6-8, specify assumptions to be made regarding extent 
of damage and indicate how each standard deals with 
the question of possible damage on a bulkhead. 

An international SOLAS working group assembled 
and analyzed statistical data on collisions, particularly 
of cargo and passenger ships, to determine location 
and extent of damage. The results indicated that dam- 
ages may vary from only 1 or 2m to over 30m (100 ft) 
in longitudinal extent. Many low-energy collisions oc- 
cur without producing any penetration below the 
waterline; i.e., without causing flooding. Very short 
damages are usually very shallow. Damages of inter- 
mediate longitudinal extent, say 6m (20 ft) to 15m (50 
ft), may vary in penetration from moderate to deep. 
Such damages usually result from collisions at an an- 
gle of incidence near 90 deg. Under this circumstance, 
a high-energy collision may result in maximum pene- 
tration in association with appreciable longitudinal ex- 
tent. Very long damages are most infrequent and are 
likely to be quite shallow. 

Navy data on the location and extent of damages 
due to enemy action are classified, but assumptions 
made in calculations are discussed in Section 7. 

2.2 Effects of Flooding. (a) Change of draft. The 
draft will change so that the displacement of the re- 
maining unflooded part of the ship is equal to the 
displacement of the ship before damage less the weight 
of any liquids which were in the space opened to the 
sea. 

(6) Change of trim. The ship will trim until the 


center of buoyancy of the remaining unflooded part of 
the ship lies in a transverse plane through the ship’s 
center of gravity and perpendicular to the equilibrium 
waterline. 

(c) Heel. If the flooded space is unsymmetrical with 
respect to the centerline, the ship will heel until the 
center of buoyancy of the remaining unflooded part of 
the ship lies in a fore-and-aft plane through the ship’s 
center of gravity and perpendicular to the equilibrium 
waterline. If the GM in the flooded condition is nega- 
tive, the flooded ship will be unstable in the upright 
condition, and even though the flooded space is sym- 
metrical, the ship will either heel until a stable heeled 
condition is reached or capsize (see Section 3.) Trim 
and heel may result in further flooding through im- 
mersion of openings in bulkheads, side shell or decks 
(downflooding). 

(ad) Change of Stability. Flooding changes both the 
transverse and the longitudinal] stability. The initial 
metacentric height is given by, 


GM = KB + BM — KG. 


When a ship is flooded, both KB and BM change. 
Sinkage results in an increase in KB. If there is suf- 
ficient trim, there may also be an appreciable further 
increase in KB as a result. BM tends to decrease be- 
cause of the loss of the moment of inertia of the flooded 
part of the waterplane. However, sinkage usually re- 
sults in an increase in the moment of inertia of the 
undamaged part of the waterplane, thus tending to 
compensate for the loss. Also, trim by the stern usually 
increases the transverse moment of inertia of the un- 
damaged waterplane, and vice versa. For ocean-going 
ships of usual proportions and arrangements, the com- 
bined effect of these factors is usually a net decrease 
in GM. However, in ships of low beam-draft ratio or 
in ships having flare above the waterline up to the 
bulkhead deck, the net effect may be an increase in 
GM. In case of damage to a deep tank, fluid runoff 
from the tank may reduce KG. 

(e) Change of Freeboard. The increase in draft after 
flooding results in a decrease in the amount of free- 
board. Even though the residual GM may be positive, 
if the freeboard is minimal and the waterline is close 
to the deck edge, submerging the deck edge at small 
angles of heel greatly reduces the range of positive 
righting arm, GZ, and leaves the vessel vulnerable to 
the forces of wind and sea. Fig. 1 illustrates this point. 

Although, as previously noted, increasing the num- 
ber of bulkheads increases the likelihood of damage 
to one or more bulkheads, it also reduces the extent 
of flooding in cases of damage that do not include these 
bulkheads. For such cases, it increases the freeboard 
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VARIATION OF RIGHTING ARM 
WITH FREEBOARD AMIDSHIPS 
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Fig. 1 Variation of righting arm with freeboard amidships 


after damage and therefore the likelihood of survival. 

For any given number of bulkheads, increasing the 
freeboard before damage increases the freeboard after 
damage and improves the chances of survival. 

Where portions of the hull and related bulkheads 
extend watertight above the bulkhead deck, the bene- 
ficial effect may be considerable. Even spaces that are 
not fully tight may contribute to survival if they are 
tight enough to contribute righting or trimming mo- 
ment effectively under dynamic conditions of rolling 
or pitching. For this purpose, tight spaces in the wings 
of the ship and the ends are most effective. Conversely, 
reserve buoyancy near the centerline amidships has 
little effect. 

(f) Loss of Ship. Where changes in draft, trim and/ 
or heel necessary to attain stable equilibrium are such 
as to immerse non-watertight portions of a ship, equi- 
librium will not be reached because of progressive 
flooding and the ship will sink either with or without 
capsizing. Where the loss in GM is such that the re- 
maining maximum righting arm is less than any ex- 
isting heeling arm, capsizing will occur. Even if there 
were no heeling arm, capsizing could be expected if 
the GM in the damaged condition were negative and 
if the maximum righting arm were so small as to result 
in negative dynamical stability. (Section 3.) Practically, 
even for symmetrical flooding, there is always some 
pee arm due to unsymmetrical weights and/or 
wind. 
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Where the maximum righting arm in the damaged 
condition is adequate and where the immersion of non- 
tight portions of the ship only results in slow extension 
of flooding, sinking may be quite slow. In such cases, 
control measures aimed at stopping progressive flood- 
ing, either by reducing heel, pumping leakage water 
or fitting emergency means of checking the flow of 
water or a combination of such measures may be suc- 
cessful. 

In recent deliberations at IMO, looking towards 
methods of improving the safety of cargo and other 
vessels where it is impractical to meet any fixed stan- 
dard of subdivision, the consensus was that providing 
a master with an instruction manual outlining damage 
control measures available to minimize flooding would 
be a valuable contribution to safety. 

The U.S. Navy has long recognized this and prepares 
and issues detailed damage control books and flooding 
effect diagrams, as do some commercial operators, to 
aid their crews in damage control. A Flooding Effect 
Diagram shows by a shading scheme the effect on 
stability of sea water flooding of various compart- 
ments in the ship, including transverse moments for 
off-center compartments. See Fig. 2. 

Some naval ships such as aircraft carriers have lay- 
ers of side protective tanks of liquid or air to protect 
the ship’s vital ammunition and machinery spaces. In 
case of damage, flooding of the side protective tanks 
may produce a large list toward the side of the damage, 
which requires counterflooding of opposite side tanks 
to reduce the list. Trim control after damage to aircraft 
carriers can also be achieved to some extent by flooding 
tanks at the end opposite to that of the damage. 

Rough sea conditions and/or heavy winds substan- 
tially increase the reserves necessary to prevent either 
progressive flooding or capsizing. Fortunately, most 
collisions occur in harbor approach areas under com- 
paratively favorable sea conditions. An IMO working 
group has collected data on wind and sea conditions 
at the time of actual collisions. Damage stability model 
tests were then carried out in waves. Conclusions were 
drawn regarding average values of stability necessary 
for survival as a function of sea state. See Section 8. 

2.3 Intact Buoyancy. The general effect of intact 
buoyancy in a flooded compartment is to decrease both 
sinkage and trim and therefore to increase the length 
which may be flooded insofar as sinkage and trim are 
concerned. 

The effect of intact buoyancy on the change in sta- 
bility with flooding depends upon whether the tops of 
the intact spaces are above or below the final flooded 
waterline. If they are above this waterline, the reduc- 
tion of lost buoyancy, sinkage and rise of KB, caused 
by the intact buoyancy, will be accompanied by a re- 
duction in lost waterplane and in lost , and the net 
effect may be simply that of reducing the effective size 
of the flooded compartment. If the tops of the W.T. 
intact spaces are below the final flooded waterline, they 
still will reduce the rise of KB, but they will not reduce 


148 PRINCIPLES OF NAVAL ARCHITECTURE 


rome ee | ie J Ae 


a -_ —— oy) 
—— meee 


\\\\ 


caion, coef gS & SSL : 
aa sua at vot 


a 


(as may be the case when end compartments are favorable effect on the damaged-condition 

flooded), intact buoyancy is a al. If there is a some cases, compensate in part for its heeling moment. 
reserve of freeboard piers oode 4, ee stability- Thus, the use of high narrow wing tanks oe nding 
flooded is critical (as is common e the case when amid- well above the waterline may be advantageo 


Copyrighted Materials 


SUBDIVISION AND DAMAGE STABILITY 


Copyright © 1988 Society of Naval Architects and Marine Engineers 
Retrieved from www.knovel.com 


149 


Section 3 
Subdivision and Damage Stability Calculations 


3.1 General. The floodable length at any point in 
the length of the ship is defined as the maximum por- 
tion of the length, having its center at the point in 
question, that can be symmetrically flooded at the pre- 
scribed permeability, without immersing the margin 
line, which is generally 7.5 cm (3 in.) below the top of 
the bulkhead deck at the side. 

The accurate determination of the floodable length 
of any portion of a ship requires an analysis of sinkage, 
trim, and heel to determine that the margin line is not 
immersed. However, in the following method of cal- 
culation, sinkage and trim only are determined. The 
effects of heel are left to be analyzed by other tech- 
niques. When the methods of calculation to determine 
sinkage and trim were developed in the early part of 
the century, little thought was given to the effect of 
heel. The development of techniques to determine heel 
came later and by common usage the term floodable 
length has been applied to the curves developed with 
the understanding that they must be supplemented by 
damage stability calculations to find the actual allow- 
able length for any compartment. 

While the preparation of the curves of floodable 
length are not essential in regulations using integer 
compartmentation standards and required residual 
range and amplitude of righting arm, they are a very 
valuable tool in the preliminary design stage for any 
class of ship. They can be very rapidly and thus in- 
expensively plotted and give the designer a quick vis- 
ual indication of the probable allowable lengths of 
compartments. This allows him to select those com- 


FLOODED 
SPACE 


partments that may be marginal and perform damage 
stability and trim checks on them. He can then make 
any length or weight corrections necessary before ca)- 
culations are prepared for the rest of the compart- 
ments. In ships not required to meet any subdivision 
standards the curve permits the designer to easily 
space bulkheads, within the operating constraints im- 
posed by the ship’s mission, in such a way that at least 
certain parts of the ship can be flooded without loss 
of the ship. 

The term damage stability is a coined usage having 
wide acceptance. It is a comprehensive term applying 
to the calculation of the related changes in draft, trim, 
heel, and stability as a result of damage to one or more 
specific compartments of a ship. It also relates to cal- 
culation of the intact stability and buoyancy necessary 
to attain any particular assumed equilibrium damaged 
condition, as well as to the stability characteristics in 
that damaged condition. 

While the newer standards for damage stability use 
residual range and amplitude of the righting arm, 
and righting energy represented by the area under the 
righting arm curves as the basic parameters for com- 
pliance with requirements, the use of GM is not neg- 
lected. The required parameters can be related back 
to a required GM in the intact condition and are in- 
valuable in providing guidance to the operators as to 
how to load their ships to meet the required safety 
standards. 

3.2 Fundamental Relationships—Floodable Length. 
A completely rigorous treatment of the sinkage and 
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Fig. 3. Diagram for floodable-length calculation 
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trim from an initial WL to a final waterline WL, due 
to flooding of an unknown part of a vessel’s length is 
illustrated in Fig. 3. In this figure 


V is displacement volume to WL 

B is initial center of buoyancy 

G is initial center of gravity 

vis net volume of flooding water up to WL, 
(i.e., gross vol. X p) 

92 is center of gravity of v, 

B, is center of buoyancy of entire immersed vol- 
ume up to WL, 

VY, is entire displacement volume to WL, 

pis permeability, the percentage of a space 
that can be occupied by water. 


KG, KB, Kg, and so on are the perpendicular distances 
of G, B, g, and so on, respectively, from the baseline. 
For equilibrium, 


Vv 
Vo = Vo — V; vals = V,; therefore v. = a 
5 
l,=2+ KG tan 6 
where 
l, = 2, + KB, tan @ 
l, = 2x, + KG, tan 6 
l, =[xz,. — 2 + tan 6 (KB, — KG)} cos 6 
l, = [x, = 2, + tan 0 (Kg, — KB,)] cos @ 
Therefore, 
=V,-V= 


Viz. — x + tan 6 (KB, — KG)) 
[t, — %2 + tan (Kg, = KB,)] 


Transposing and rearranging, one gets 
ie (Vv. — Vx) = 
. (V, _ V) 
(V,.KB, — VKG) 
(V2 a Vv) 


The tan @[ ] term involving vertical levers is relatively 
small. Neglecting it, one may write, 


tan 61 Kg, — (1) 


ea ee Tee) 
2 = Vz ee (x, — x) (2) 
and 
(V. x — Va) 
ay si 


Equations (2) and (8) provide a basis for determining 
the length and location of flooding that would cause 
the flooded ship to reach a state of equilibrium at WL,, 
neglecting heel. Methods of calculation are discussed 
in Section 4. 
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3.3. Fundamental Relationships—Damage  Siabil- 
ity. It will be explained in Section 4 that stability and 
heel, as well as sinkage and trim, after flooding can 
be evaluated by means of either a lost buoyancy or a 
trimline added weight approach. Since the latter has 
wider applicability and is consistent with the floodable 
length approach just discussed, its fundamental rela- 
tionships will be given here. As in the case of floodable 
length calculations, one assumes an equilibrium dam- 
aged condition waterline, calculates the flooding water 
up to this waterline and subtracts it and its moments 
from the total displacement and moments up to this 
waterline, in order to obtain a corresponding before- 
damage condition. The effect of heel can also be taken 
into account, all as described in Section 4. 

(a) Required GM for zero-heel condition. Having 
determined the draft and trim (if any) before damage, 
one then can determine the GM requirements. Dealing 
first with the zero-heel condition (either actual sym- 
metrical flooding, or unsymmetrical flooding with as- 
sumed equalization of heeling moment), it is 
convenient to think of the flooding water as tankage 
having the same vertical moment and free surface. 
The GM in the damaged condition, referred to the 
gross displacement A, at 7,, then is expressed by the 
equation 


— KG, (4) 


where 
A, is mass displacement = W,/g 
p, is surface permeability 
iris inertia of flooded waterplane 

KM, is upright metacenter above keel at T, 

Bslr . 

A,/p 1S BM, loss due to free surface of flooding 
water (if flooded waterplane is unsym- 
metrical, this is modified to account for 
TCF of net waterplane) 

KG, is vertical center of gravity of vessel includ- 
ing mass of flooding water, w/g 

p is water density 


As already noted, the damaged spaces are in open 
communication with the sea. Therefore, the true dis- 
placement in the damaged condition does not include 
the water in such spaces. It is customary to regard 
the displacement in the damaged condition as equal to 
A, — w/g, (or W, — w if weight units are used). In 
order to provide a minimum positive 
damaged condition GM of 0.05 m (2 in.), based upon 
A, — w/g, one then writes, 


¢ Ae OD) ee 


0.05 x a 


or 
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(A, — w/g) 
A, 


Bslr 


KG, = KM, ~ ft 


— 0.05 x 


The corresponding KG before damage (maximum al- 
lowable ) is then equal to 


KG, x A, — Kg x w/g 
(A, — w/g) 


where Kg is vertical center of gravity of damage 
water. 


Substituting in the preceding equation one obtains 


at 
A, KM: — 57 = 
2 


(A, — w/g) 


Kg w/g 


KG = — 0.05 (5) 


The intact GM to meet this condition is therefore KM 
~ KG, where KM corresponds to the draft and trim 
before damage. 

(b) Required GM to limit heel and righting arms 
in damaged condition. Referring to Fig. 4, the fol- 
lowing definitions and derivation apply: 


Gis CG of upright ship before damage 
G, is CG of heeled damaged ship including fiood- 
ing water 


_ (w/g) X its transverse center of gravity (tcg) 
A, 


KG, = 


t 


A x KG + w/g Kg 
A; 


where 


A is displacement before damage = A, ~— w/g 
GZ, is damaged condition righting arm 
= [((KP — KG,) tan 6 — t] cos 
M, is metacenter (upright) of intact ship at A, 


ee 
KP — XG, = ku, + “* _ xo, 
sin 
_Sfeq . MS _ AKG + Ky w/g 
Go = [(M. + gieg — 4) 
x tan 6 — 52 2/8) os 4 
A, 
GZ, = sin d [KB, + BM, (F + 1) 


Saat +] 
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Fig. 4 Diagram for required GM to limit heel 


Equilibrium exists when G,Z, = 0 and Equation (6) 
can then be solved for KG: 


= A; 
KG = ;—* (KB. + BUF +) 


w/g 


x teg 


tan 


Again, the intact GM to meet this condition is KM — 

, and the required GM is either this value necessary 

to limit the heel to the maximum allowable value ¢, 
or that derived from equation (5), if greater. 

When the position of the pole point P is directly 

determined by integration of the ship’s volume to the 


flooded waterline, as by computer, (zm, aa =) is 
replaced by KP. Then 
C72 sin [XP - “2 “0 xg 
2 
_ w/g teg 
a (RC +ang)] @ 
and, for equilibrium: 
= A, 
_ wg teg 
A, — w/g (xe + tan 5) @) 


Required GM, to limit heel is 
KM — KG. 


See sub-section 4.7 for details of derivation and forms 
for manual calculation. 
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Although the U.S. Navy sometimes also calculates 
required ou or KG, the emphasis in design of com- 
batant ships, in particular, is on determining residual 
righting arms after damage to various compartments 
or combinations of compartments. (NAVSEC, 1975). 

(c) Calculation of Righting Arms in Damaged 
Condition In the preceding Equation (8) G,Z, is the 
net righting arm after flooding, as related to A, with 
KG corresponding to the GM before damage. How- 
ever, at large angles of heel a more accurate caleu- 
lation of damaged-condition righting arms is 
necessary. 

In principle, intact-condition righting arms must be 
modified by the damage. If trim is neglected, this can 
be accomplished readily by 


G2, (10) 


(Intact vessel rt. mom.) — (A, — w/g) KG sin o 
— (Damage heel mom.) 


A, 
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(where both righting moment and heeling moment cor- 
respond to the damaged condition draft, 7,, and are 
referred to an axis intersecting the centerline at the 
baseline). 

If the damage location is such as to result in appre- 
ciable change of trim, the change in draft in way of 
the damage is more than that at the vessel’s LCF, and 
the amount and moment of flooding water are corre- 
spondingly affected. 

Since heel, even without damage, may result in some 
trim, a direct calculation of this effect requires in es- 
sence the use of heeled-condition Bonjean curves giv- 
ing both sectional areas and heeling moments. For each 
damaged-condition draft and heel, the equilibrium trim 
corresponding to the condition of draft and trim before 
damage can then be determined by a cross-plotting, or 
iterative process. 

Nowadays, the calculation of residual righting arms 
after damage, including the effect of trim, is almost 
always carried out by computer (Section 5.) 


Section 4 
Manual Subdivision and Damage Stability Calculations 


4.1 Manual Floodable Length Calculations—Gen- 
eral. Curves of floodable length (and, the correspond- 
ing permissible length curves described in Section 7) 
are usually plotted to a vertical scale equal to the 
longitudinal scale. With such an arrangement, lines 
drawn from the intersections of the bulkheads with 
the baseline at an angle tan“' of 2 will intersect at the 
midpoint of the compartment and at a height above 
the baseline that is equal to the length of the com- 
partment. Such curves are sometimes plotted to a ver- 
tical scale equal to half the horizontal scale. In such 
case, the slope of the inclined lines is 1. In either case 
the intersection of the inclined lines indicates at a 
glance whether or not the length of a compartment or 
a combination of compartments is greater than either 
the permissible length or the floodable length. Fig. 5 
illustrates a typical plot of curves of floodable length. 
Floodable length calculations are based upon the re- 
lationships given in 3.2 of Section 3; specifically, equa- 
tions (1), (2) and (8). The possible errors in permeability 
assumptions, etc., may be larger than the errors due 
to neglecting the tan @[ ] term of Equation (1). Ac- 
cordingly, for manual calculations they are usually 
neglected and Equations (2) and (8) are used as a basis. 

4.2 Direct Method of Calculation. In this method, 
points on the floodable length curve are calculated for 
the actual lines of the ship, using Equations (2) and 
(8) to determine the volume and location of the flooding 
water that would immerse the ship to the margin line. 
In general, the procedure is that proposed by Dipl. 
Ing. F. Shirokauer (1928). 


For the solution, no special data, curves or instru- 
ments are necessary. The procedure is not unduly long 
and the accuracy is better than that of comparable 
methods. 

On a profile drawing showing the margin line and 
a number of transverse stations, Bonjean curves are 
plotted from a low draft to the margin line. In Fig. 6 
the Bonjean curves are shown plotted for ten stations 
and various scales have been adopted for length, depth, 
and areas, but any number of stations and any system 
of scales may be used. 

The subdivision load line is drawn on the profile and 
the trim line parallel to the subdivision load line is 
drawn tangent to the margin line at its lowest point. 
To obtain a satisfactory curve of floodable length with 
the minimum amount of work, the following proce- 
dure, as proposed by Shirokauer (1928), is then used. 
Let, 


D be depth from baseline to margin line (at low- 
est point) 

T be draft from baseline to subdivision load line 

H=1.6D — 157 


At perpendiculars at the extremities of the subdi- 
vision length, the distances H/3, 2H/38, and H are laid 
off as shown in Fig. 6 and tangents are drawn to the 
margin line from these points. These tangents are des- 
ignated as in the figure; for example, 3F is the tangent 
drawn from a point on the after perpendicular at a 
distance of H below the parallel trim line. 

The following calculation is then made for each of 
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Fig. 5 Floodable-length curves 


the three forward trim lines and the subdivision load 
line. The area of each station up to the trim line is 
first read from the Bonjean curves. These areas are 
then integrated by use of Simpson’s rule or other rule 
to obtain the volume of displacement and the distance 
of LCB from some convenient station such as amid- 
ships, Fig. 7. Allowance normally need not be made 
for appendages. Neglecting them, in fact, tends to 
compensate for disregarding the effect of the vertical 
levers in Eq. (1). 

The next step is to calculate for each trim line the 
corresponding volume of damage water v, and the 
longitudinal distance x,, between its center of gravity 
and amidships. The volume of damage water v, is the 
volume of displacement below the trim line less the 
volume of displacement of the undamaged ship at 
the subdivision load line. The distance ~,, is calculated 
from equation (3). Fig. 7 has suitable spaces for the 
tabulation of the values of v, and x,, for each trim line. 


It should be noted that, if either B, or G lies on a 
different side of amidships than that shown in Fig. 3, 
the signs must be changed accordingly. 

After v, and x,, have been determined for each of 
the trim lines, the interpolation curves should be drawn 
as shown in Fig. 8. The parallel lines labelled 3A, 2A, 
and so on, correspond to the trim lines and are spaced 
any equal distance apart. 

Ordinates on the curves are plotted vertically from 
the horizontal axis shown. Since the curves of LCG of 
damage water have considerable curvature in the vi- 
cinity of the 3F and‘3A trim lines, additional points 
are necessary to determine their shape. The other 
curves have very little curvature in this vicinity, and 
points from them may be used with sufficient accuracy 
to determine additional points on the LCG curves. 

For example, in Fig. 8, another vertical line may be 
drawn halfway between the 2F and 3F lines. This will 
correspond to a 24F trim line. Let v,’ be the value of 
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Fig. 8 Interpolation curves 


the ordinate of the damage water volume curve and 
22' be the value of the ordinate of the LCB curve. Then, 
since V, the volume of intact displacement, and x, the 
LCB of the intact displacement, are known, the value 
of z,,’ will be 


‘ 


V 
Ly = —; &,' — x) + 2,’ (11) 
V2 


The interpolation curves, if they are found to plot 
fairly, serve as a check on the previous calculations. 


Their primary purpose, however, is to facilitate cal- 
culation of the end points and auxiliary points of the 
floodable-length curve (following). 

Sectional areas read from the Bonjean curves in Fig. 
7 are now plotted as a sectional area curve of each 
trim line as shown in Fig. 9. These sectional area 
curves are used in conjunction with the interpolation 
curves, Fig. 8, to determine points on the floodable 
length curve. 

For example, let us take the floodable length cal- 
culations for trim line 2A. Let 
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v, be net volume of flooding water (from Fig. 8) 
x, be distance of its center of gravity from amid- 
ships (from Fig. 8) 
@ be assumed permeability in percent 


: v 
v, is volume of compartment = — x 100 


x,, be distance of midlength of compartment 
from center of gravity of damage water 
(or compartment) 
z.be distance of midlength of compartment 
from amidships 
i be length of compartment or floodable length 
at assumed permeability. 


The method is one of trial and error; so the first step 
is to guess as to the distance x,, of the midlength from 
the center of gravity of damage water and as to the 
length of compartment which will give a volume v, = 
(v,/) X 100. The length may be estimated by dividing 
the required volume v, by an assumed mean section 
area. This length is laid off from the assumed position 
of the middle of the compartment, as shown in Fig. 
10, and gives abcd as a compartment. By Simpson’s 
rule, Fig. 11, with five ordinates, the volume of this 
compartment and the distance of its center of gravity 
from its midlength may be computed. This computed 
volume should equal the required volume v,, and the 
distance of its center of gravity from the midlength 
should equal the assumed distance z,,. Usually a sec- 
ond try is necessary, such as one which gives the com- 
partment a’'b’c’d’ of Fig. 10, for example. The correct 
length of the compartment and the corresponding 
value of x, are obtained by interpolation in Fig. 8 and 
are plotted as a point on the floodable length curve 
(Fig. 5). 

A point on the floodable length curve is calculated 
for each of the trim lines. On some ships a compart- 
ment for the 3A or 8F trim line cannot be found. Such 
a development indicates that the limiting trim line for 
the end point of the floodable length curve lies between 
2A and 8A or 2F and 8F. An additional point, such as 
is given by a 24F or 2A trim line, is then desirable. 
The volume and LCG of damage water for such a trim 
line is taken directly from the interpolation curves, 
Fig. 8, and the corresponding point on the floodable 
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Fig. 10 Volume and C. G. of assumed compartment 
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Fig. 12 Diagram for calculating endpoint 


length curve is determined in the same way as for any 
other point. Similarly, data for other additional points 
required to get a fair floodable length curve may be 
taken from the interpolation curves. 

In using the interpolation curves to determine the 
end points of the floodable length curve, a somewhat 
different procedure is used. The exact trim lines which 
correspond to the end points are not known but ob- 
viously they will be close to trim lines 8A and 3F, 
respectively. Hence, the sectional area curves of these 
trim lines are used in the end-point calculations. From 
the trend of the floodable length curve as plotted from 
the points already determined, reasonably close esti- 
mates can be made of the lengths of the ordinates at 
the ends of the curve. These ordinates are the respec- 
tive floodable lengths at the extreme ends of the ship. 
To obtain more accurate values of the ordinates, each 
end of the ship is treated separately by the following 
method. 

At the after end of the ship, for example, two com- 
partments are laid down on curve 3A of Fig. 9 to form 
a diagram similar to Fig. 12. One of these compart- 
ments A is slightly shorter than the estimated flood- 
able length, while the other compartment B is slightly 
longer than this estimated length. By Simpson’s rule 
and with sectional areas from the 3A trim line of Fig. 
9, calculations are made as indicated in Fig. 13 to get 


v,, = volume of compartment A 
v," = volume of compartment B 
2, = distance from amidships of center of grav- 
ity of compartment A 
2,” = distance from amidships of center of grav- 
ity of compartment B 
pv, = damage water volume in compartment A 
pv,” = damage water volume in compartment B 


In Fig. 8 an ordinate is erected which cuts the curve 
of damage water volume at height pv,’ and upon this 
ordinate is plotted the LCG of compartment A at the 
distance x,, above the axis. Similarly an ordinate for 
compartment B is erected and the LCG of this com- 
partment is plotted on it. Between these two LCG 
points a straight line is drawn which cuts the curve 
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Fig. 11 Calculation form for a point on the floodable-length curve, m or ft. 
(Calculations A and B apply to two trial compartments for each of which / and x, are estimated. Additional trials may be necessary.) 
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of LCG of damage water at the ordinate corresponding water is read from Fig. 8; this volume divided by the 
to the desired trim line for the end point of the floodable permeability gives the volume of the end compartment. 
length curve. At this ordinate the volume of damage The length of the end compartment found by Equation 
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Fig. 14 Sinkage and trim by lost buoyancy method 


(12) determines the end point of the floodable length 
curve. Let 


v, be volume of end compartment 
l’ be length of compartment A 
l” be length of compartment B 

l be length of end compartment 


Then 


(v, —*) 


l= +——— - ze =o) (12) 


¢ 


The other end point is found in a similar manner. See 
also Muckle (1963). 

When the portions of the hull below the margin line 
but forward of the FP and abaft the AP are not in- 
cluded in calculating the displacement volumes and the 
flooding water volumes (see Figs. 7, 11, 12 and 18) the 
calculated value of the forward-end floodable length 
is measured aft from the FP and that of the after-end 
floodable length is measured forward from the AP. 
However, in constructing the floodable length curves, 
Fig. 5, the forward terminus of the diagram (FT) 
should be taken at the forward extremity of the margin 
line, and the corresponding terminal floodable length 
is equal to the calculated forward-end floodable length 
plus the longitudinal distance between the FP and the 
FT. Similarly, the after terminus of the diagram (AT) 
should be taken at the after extremity of the margin 
line and the corresponding terminal floodable length 
is equal to the calculated after floodable length plus 
the longitudinal distance between the AP and the AT. 

4.3. Manual Damage Stability Calculations —Gen- 
eral. The methods of calculation shown in this section 
were developed early in this century for use on naval 
ships and commercial passenger vessels, and during 
the time when manual calculation was the only method 
available. While the basic principles are the same, mod- 
ern computer programs, particularly the widely used 
Ship Hull Characteristics Program (SHCP) (NAVSEA, 
1976), use entirely different techniques to determine 
damage stability. These are described in Section 5. The 
manual calculations described in this section are ap- 


plicable only to vessels where the survival criteria (Sec- 
tion 7) specify minimum GM, maximum heel, and 
minimum freeboard. 

When stability criteria for naval or other ships spec- 
ify required residual range and amplitude of righting 
arms, then complete computer calculations of cross 
curves and/or righting arms after damage are re- 
quired, as discussed in Section 5. 

4.4 Equilibrium Draft, Trim, and Heel After Flood- 
ing. The draft, trim and heel in flooded condition after 
equilibrium has been established can be calculated by 
starting with an assumed service condition, calculating 
the lost buoyancy due to a compartment or compart- 
ments being opened to the sea, and equating that lost 
buoyancy and its moments to the buoyancy gain and 
moments accompanying sinkage, trim, and heel of the 
remaining intact part of the ship. 

This procedure is convenient and simple to use if the 
form of the vessel and the configuration of the flooded 
space are such that the resulting sinkage, trim, and 
heel do not involve extreme or discontinuous changes 
in the remaining undamaged part of the waterline 
plane. Consequently, this procedure, commonly known 
as the lost-bwoyancy method, is often used for mer- 
chant ships. 

Alternatively, one may assume an equilibrium dam- 
aged condition waterline, calculate the flooding water 
up to this waterline, and subtract it and its moments 
from the total displacement and moments up to this 
waterline in order to obtain a corresponding before- 
damage condition. 

This second procedure is commonly known as the 
trim-line added-weight method. This is a misnomer, 
since water in spaces open to the sea and free to run 
in or out does not actually add to a vessel’s weight. 
For calculation purposes it is convenient to regard such 
flooding water as adding to the displacement; however, 
it must be remembered that the resulting (virtual) dis- 
placement not only differs from the initial displacement 
but varies with change in trim or heel. 

Since the trim-line added-weight method involves a 
direct integration of volumes up to the damaged con- 
dition waterplane, it is just as well adapted to dealing 
with complex flooding conditions as with simple ones. 
It does require, however, the determination by itera- 
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tion of drafts and trims after flooding that correspond 
to undamaged values covering the range of actual 
service conditions. As will be shown, this may be ac- 
complished in a systematic manner without great dif- 
ficulty. It should be noted that the fundamental 
relationships used in direct floodable length calcula- 
tions and illustrated by Fig. 3, Section 3, and the ac- 
companying text follow the trim-line added-weight 
method. 

Complete procedures for both methods are described 
here. In practice some calculators may depart from 
these procedures for convenience or simplification, or 
personal preference. However, the principles still ap- 
ply. 
In both methods it is usually assumed that trim and 
heel are independent functions. This is not exact, but 
is adequate for ordinary merchant vessels. For vessels 
with asymmetric waterplanes, such as those having 
fine bows and transom sterns, the trim-line added- 
weight method is preferable and can be modified to 
take account of trim and heel interaction. 

4.5 Displacement and GM in Flooded Condition. As 
already noted, liquids in damaged spaces in open com- 
munication with the sea obviously do not act as a part 
of a vessel’s weight, i.e., a vessel’s displacement in the 
damaged condition is equal to its initial undamaged 
displacement less the weight of any liquids which were 
in breached tanks before damage. This assumption is 
used when calculations are made by the lost buoyancy 
method, in which flooding water is considered as lost 
buoyancy rather than added weight. 

It should be noted that when calculations are made 
by the added weight method, not only is the virtual 
displacement different from the initial displacement, 
but the GM has a different meaning—since both KG 
and KM are different. However, the product of dis- 
placement and GM should remain unchanged. Hence, 
if a stability criterion specifies a minimum residual GM 
of 5 cm (2 in.), the lost buoyancy approach is intended, 
and the corresponding GM by added weight is 5 cm x 
A/A,, where A is the initial displacement and A, is the 
virtual displacement after damage. 

4.6 Lost-Buoyancy Method. For convenience, the 
given procedures make maximum use of the quantities 
ordinarily shown on the curves of form and are suf- 
ficiently accurate for ordinary cases. Figs. 15 and 16 
illustrate tabular forms for making the following lost- 
buoyancy-method calculations. For greater accuracy, 
or where complicated flooding configurations are in- 
volved, trim-line added-weight calculations are rec- 
ommended. 

(a) Determination of sinkage and trim: The ship 
in Fig. 14, initially at waterline WL, comes to float at 
waterline WL, because of the sinkage and trim due to 
flooding of one or more of its compartments. 

We may imagine that, when flooding takes place, 
the ship is restrained temporarily from trimming. The 
net lost buoyancy below WL, i.e., the net volume v’ of 
damage water below that waterline, must be replaced 
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by an equal gain in buoyancy above WL. Hence, the 
sinkage or change in mean draft is approximately: 


; _v 
Sinkage = re 
(v — intact buoyancy) p — P/p 


ggg ee 


where 


v is molded volume of flooded compartment be- 
low WL 
v’ is net lost buoyancy below WL 
py. is permeability of compartment 
P is total mass of liquids, if any, in breached 
tanks before damage?’ 
pis density of liquid in breached tanks t/m? 
p, is surface permeability of compartment 
Ais area of waterplane WL 
ais area of portion of waterplane WL within 
compartment 
A’ is net area of waterplane WL remaining in- 
tact after flooding = A — p,a 
After the sinkage has been estimated by Equation 
(12) a second and closer approximation may be made 


by 


: 2v' 
Sinkage => As Ae (18) 
where 
A,' isremaining area of impaired waterplane 
L, = A; — pa, 


a,is area of portion of impaired waterplane 
WL, within compartment 
If A’ and A,’ are each replaced by the remaining TPem 
at WL and WL,, 


Sinkage (m) = 
af (14) 
50 x sum of remaining TPcem values 


Or in English units (ft and long tons), 


Sinkage (ft) in SW = 
v'/35 
6 x sum of remaining TPI values 
When the imaginary restraint against trimming is 
removed, the ship comes under the action of a trim- 
ming moment which is equal to 


Trimming moment = v' p x (15) 


3 When, in accordance with Section 7.6, tanks are taken at zero 
permeability, P = 0. 
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where x is the distance from the center of volume of 
the net lost buoyancy under WL to the center of vol- 
ume of the buoyancy gained above WL. The latter 
point lies about midway between the respective centers 
of flotation (F” and F;') of the remaining areas of the 
impaired waterplanes WL and WL,. The moment to 
trim 1 cm may then be taken as (from Eq. (6), Chap- 
ter ID), 


ply,’ 


100 Z a 


MTem’, = 


where MTcm’,, is the moment to change trim 1 em for 
the damaged ship and /,,' is the longitudinal moment 
of inertia of the intact portion of waterplane WL, about 
a transverse axis through its center of area, F,’. Then 


Ty, = 1, + A ORY — (A, — 4.0,) FP — 
we [ar HAY + t2,) (17) 


where 


I,, ts longitudinal moment of inertia of undam- 
aged waterplane WL, about its center 
of fiotation, F 
MA is center of a, from amidships 
1,, is longitudinal moment of inertia of area, a, 
about its center 


In general, 


I, = 100/p x moment to trim 1 em, MTcm 
A = 100/p x tons per em, TPem 
p,a, = 100/p x lost tons per cm, tpem, 
HOS” ess 


where S = mean length of lost area and 


TPem, x Mi — trem, x Dh 


OA = TPem, — tpem, 


Therefore, Equations (16) and (17) can be combined to 
produce: 
Net moment to trim 1 m at d, 


= 100 {MTem, _ 
TPem, x tpem, x (OF — DAL 
L x [TPem, — tpem,] 
_ tpem, x S? 


12L U8) 


In English units (ft and long tons), net moment to trim 
1 ft at d, 
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L < [TPI, — tpi] 
= tpi, x S? 
12L 


=~ 12 | 
(18a) 


The calculations may be carried out conveniently in 
the following steps: 

1. Calculate the net lost buoyancy v’ below WL, 
and the longitudinal center of this volume. 

2. Determine the sinkage from Equation (12) and 
later from Equation (18). 

8. Calculate the location of F,’, the center of flo- 
tation of the remaining area of the impaired water- 
plane WL,. 

4. From Equation (18) calculate the moment to 
change trim 1 cm. 

5. Calculate the change of trim from Equations (15) 
and (18). 

6. If the change of trim is by the bow (positive) 
the approximate draft at the bow of the flooded ship 
is the original draft plus sinkage plus the product of 
change in trim and [0.5 — (F;,’/L], and the draft at 
the stern is the original draft plus sinkage minus the 
product of change in trim and [0.5 + Meola / L)}. These 
drafts determine the trimmed waterline WL,. 

(b) Change of GM. The change of (gain or 
loss) due to flooding conveniently may be considered 
as made up of three parts; i.e., a decrease due to lost 
waterplane, an increase due to sinkage, and an in- 
crease due to trim. 

1. The decrease in BM due to loss of waterplane 
moment of inertia is 


Trg — Mestre 


BM ~ 


(19) 


where 


BM is BM at initial undamaged condition 
Ais corresponding displacement 
Ip. is transverse moment of inertia of undam- 
aged WL, 
str is net lost transverse moment of inertia 


The foregoing moments of inertia are taken about the 
transverse center of gravity of the remaining intact 
waterplane at WL,. It is somewhat more convenient, 
however, to take the moments of inertia about the 
centerline. If 
Imc_ is transverse moment of inertia of undam- 
aged WL, about centerline 
Mstmc_ 18S net lost transverse moment of inertia 
about CL 
A, is waterplane area at WL, 
1,2, is net lost water plane area, and 
t, is its center from centerline 


the transverse center of gravity of the remaining 
waterplane is 
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— pQale 
A, — PsQe 
and 
H,Ael, ' 
Ip = Ime, + Az X (=———— 
2 Mg 


HsQole ) 
A, — pH 


Substituting in Equation (29), one obtains decrease in 


Bln = blr — [Goty” + pQe (t an 


1 . (p,Q2te)? 
rach — Mestrech — (A, — pa) 


BM - ap (20) 
2. The increase in KB due to sinkage is 
v’ x 6b, 
Te (21) 


where 6b, = vertical distance from center of lost buoy- 
ancy to center of parallel sinkage layer. 
8. The increase in KB due to trim is 


MTm’ x (trim)? 
2A4L 
or in English units (ft), 


(22) 


MTF,’ x (trim)? 
eccababat. BE Gl erect _— ) (22a) 


As noted in Section 7.5, the present U.S. and inter- 
national rules require that the GM in the damaged 
condition (displacement taken constant) be at least 5 
em. The required intact GM to meet this condition is 
therefore 


(w,Qet,)” 
(Ay — 4,42) 
A/p 
_ MTm' x (trim)? 
24L 


[inex — Binc, — + vbb,| 


BM — 
+ 0.05 (23) 


(c) Unsymmetrical moment and heel. If the net 
lost buoyancy is unsymmetrical or if the net added 
buoyancy between WL and WL, is unsymmetrical so 
that, in either case, there is a transverse shift in buoy- 
ancy in sinking and trimmirg from WL to WL, heel 
will result. In calculating the transverse center of the 
net added buoyancy, it is necessary to include the effect 
of trim, which increases the volume swept by the lost 
area in sinking and trimming from WL to WL,. Thus 
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TCG of net added buoyancy is 


—100 (tpem + tpem,) x h,  (t + #,) 
2 x 3 


net added buoyancy (24) 


where 


tpem is lost tons per em at WL 
tpem, is lost tons per cm at WL, 
h, is height WL to WL, in way of damage 
tis center of tpem from CL 
t, is center of tpem, from CL 


(The negative sign means that the net added buoyancy 
is on the opposite side of the centerline from the lost 
tons per inch.) 

Net added buoyancy = net lost buoyancy = v’; 
tpem + tpcm, 
2 

WL,; 


= approx tpem, = lost tons per cm at 


EAS 


2 
h, may be read from a trim and heel diagram, Fig. 41, 
or is 


= approx ¢, = center of tpem, from CL; 


parallel sinkage + [LCF,’ — lef,] x trim/L 


The transverse moment due to this shift in buoyancy 
is then equal to 


pv’ x (TCG of net added buoyancy — tcg of v’) (25) 


(d) Required GM to limit heel. For final stages 
of flooding, the allowable angle of heel, }, generally 
is that to the margin line but in no case more than the 
fixed heeling limit prescribed by the applicable rules. 
Tan ¢ corresponding to heel to the margin line can 
readily be determined from the trim and heel diagram, 
Fig. 17. 

In heeling through the angle ¢ to the final heeled 
waterplane, changes in the longitudinal or transverse 
extent of flooding and/or changes in permeability may 
occur. These normally may be accounted for as illus- 
trated in Fig. 18, treating the resulting change as pro- 
ducing a transverse moment, which is added to that 
of Equation (25). In the suggested calculation form, 
Fig. 16, term (62) provides for this correction. (The 
accompanying effects on the damaged condition draft 
and VCB are neglected.) 

The heeling moment then is equal to the total trans- 
verse moment x cos >. At the same time, as shown 
in Chapter II, the righting moment at moderate angles 
may be expressed as 

A x (GM, + F BM,) sin (26) 
where both GM, and BM, are the residual values at 
WL, and F is a factor dependent upon the vessel’s 
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Fig. 17 Trim and heel diagram 


proportions and form, such that F' BM is the vertical 
distance between the zero-heel metacenter and the 
point P, at which the vertical through the heeled con- 
dition center of buoyancy intercepts the centerline. F’ 
is, in effect, the ratio of the average change in trans- 
verse waterplane inertia, as the vessel heels to any 
angle @, to the zero heel transverse waterplane inertia. 
It is generally assumed that the F-value for a damaged 
ship at any given draft and heel is the same as for the 
intact ship at the same draft and heel. This assumption 
is considered to be sufficiently accurate for ordinary 
merchant ship forms, at moderate angles of heel, and 
within ordinary operating ranges of beam-draft ratio. 
It may not be valid at very light drafts or for unusual 
hull forms. In applying this assumption, it is also nec- 
essary to account for the effect of any local changes 
in lost waterplane as the vessel heels. In the case of 
lost-buoyancy calculations this is done as illustrated 
in Fig. 18 and the related text. If the trim-line added- 
weight procedure is used, the calculations of flooding 
water and moment automatically include the effect of 
any such changes. 

Figs. 19 and 20 give approximate F-values for the 
average ship form, without tumble-home or flare amid- 
ships and having a midship coefficient of about 0.96 or 
greater. For heels not immersing the deck edge or 
rolling the bilge side tangency out, the solid line por- 
tions of these figures give values which are sufficiently 
accurate for usual intact or damage stability calcula- 
tions. The dotted line portions are progressively likely 
to be less accurate as they depart from the solid line 
portions, and should only be used without further 
check when the resulting values indicate an apprecia- 
ble stability margin (Prohaska, 1961). 


Equating terms, the intact GM necessary to limit 
heel to any angle ¢ is given by: 


transverse moment 
GM loss + hx tad = F BM, (27) 


where GM loss = value from equation (23) — 0.05. 
The required intact GM then is that determined by 
Equation (23) or (27), whichever is larger. 
The required initial GMs at various drafts are usu- 
ally plotted along with the available GMs in the various 
operating conditions. An example is shown in Fig. 21, 


VOLUME OF 
WEDGE = 
142.0m5 


(EXAMPLE) 


Fig. 18 Transverse moment due to heel into a level of higher permeability 
(142(0.95-0.85)1.025 x 8 = 116 t-m) 
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Fig. 19 Approximate values of F, where GZ = (GM + F BM) sin b 


which indicates whether the available GM in these 
conditions equals or exceeds the required GM. Ob- 
viously if they all do not, the vessel does not meet the 
criterion. See also Chapter II. 

4.7 Trim-Line Added-Weight Method. The version 
of this method described in the following text, includ- 
ing Section 4.5, provides sufficiently accurate results 
for all usual conditions and is more versatile in this 
respect than the lost buoyancy method. In addition, it 
is believed generally to involve less computation than 
trim-line added-weight calculations based upon direct 


use of Bonjean curves. However, if flooding involves 
extreme conditions of trim and heel combined, the most 
accurate results can be attained by obtaining displace- 
ments and moments by direct use of Bonjean curves. 
In such case, it is necessary that these curves be pro- 
vided for both upright and heeled conditions, and that 
they include not only the usual area values but also 
transverse and vertical moment values and, for the 
upright condition, half-breadths cubed. If this is done, 
the necessary related calculations differ in detail but 
agree fully in principle with those described herein. 


SUBDIVISION AND DAMAGE STABILITY 


167 


08-035 & 040 


07-035 & 08-0304 


APPROXIMATE VALUES OF F 


SAME AS FIG. 19 BUT TO 


AN ENLARGED SCALE 


a 
0.8-0.10\ y me 


J 088 0.7-0.20 
a 


N 


\\ 
0.8-05 


\ 
\\ 


20 
> IN DEGREES 


Fig. 20 Approximate values of F, where GZ = (GM + FBM) sin ) 


In using the method hereinafter described, all ship 
hydrostatic values, except where otherwise specially 
noted, are for an assumed undamaged ship at the ap- 
plicable draft and trim. If conditions involving appre- 
ciable trim exist, convenience and accuracy favor the 
use of curves of form which give the effective LCF, 
KM, KB, and TPem values for trims forward and aft 


as well as level trim. It is usually adequate for this 
purpose to calculate displacement, KM, KB, and TPem 
versus mean draft for fixed values of trim, say L/ 40, 
forward and aft, depending upon interpolation or 
cross-plotting for intermediate values. The trimmed 
condition effective LCF is taken as the longitudinal 
position at which the trimmed waterplane is the same 
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distance above the baseline as the level trim draft for 
the same displacement. That is to say, the effective 
LCF of any waterplane equals the difference between 
the amidships draft for that waterplane and the cor- 
responding level trim draft x the cotangent of the 
trim. Thus, the final plot of displacement versus draft 
at LCF shows a single line for all trims. At the same 
time, the calculated mean draft points for the KM, KB, 
and TPem curves are shifted vertically so that these 
values are also plotted on the basis of the draft at the 
LCF. Unless specifically excepted, all drafts used in 
this method are at the LCF. Moment to trim 1 em is 
assumed to be constant over the range of trim con- 
cerned and the plotted value may be based either upon 
the average calculated shift of LCB with trim or upon 
the level trim waterplane inertia. 

A mean transverse section similar to Fig. 22 is pre- 
pared for each damaged compartment to be consid- 
ered. If the compartment is long, has appreciable 
variation with length, or contains longitudinal] discon- 
tinuities, convenience and accuracy may require that 
it be separated into two or more parts. In judging the 
need for doing this, the use of mean sections will result 
generally in underestimating the heeling moment due 
to free surface by less than 1 percent if the breadth 
of the smaller end is 85 percent of that of the larger, 
while a breadth ratio of 75 percent may result in an 
underestimate of about 2 percent. 

Taking into account the assumed extent of damage 
and the allocation of the various spaces represented 
by the mean transverse section, a summation of the 
areas and moments of each portion of the section, each 
multiplied by a suitable constant depending upon the 
permeability and the flooded length, then gives the 
mass of flooding water and the moments of flooding 
water. This integration is performed for the expected 
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Fig. 22 Section through flooded compartment 


range of drafts in way of the compartment and for at 
least two heeled conditions, usually 7 and 15 deg, for 
which mass of flooding water w/g and virtual vertical 


teg 
em 5)| are ob 
tained. If righting-arm curves in the damaged condi- 
tion will be required, calculations are also made for 
additional angles of heel to cover the necessary range. 
If the amount of unsymmetrical flooding is small and 
it therefore seems likely that the GM necessary to limit 
heel may be less than that required to provide a 5-em 
(2-in) positive GM upright in the damaged condition, 
calculations are also made for the zero-heel condition, 
in which case the quantities which need to be deter- 
mined are the mass of flooding water w/g, vertical 
moment of flooding water (w/g) Kg, net lost water- 
plane transverse moment of inertia about centerline 
tr, net lost TP.,. pu, @/100 (or tons per m, pp, @), 
and center of same from centerline (tca). 


moment of flooding water [w7 (Ro + 
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Fig. 23 Plot of damage water quantities with heel 
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Fig. 24 Change of draft versus heel 


In making these calculations, the mass of flooding 
water, and related quantities are taken to correspond 
to Zuvp for all breached spaces up to the assumed 
final flooding line less the total mass of liquids assumed 
to be in such spaces before damage. However, where 
tanks are low in the ship, the most severe condition 
may be one in which they are not breached and flooding 


occurs only above them. Where doubt is considered to 
exist as to the outcome, calculations should be made 
assuming such tanks both breached and nonbreached. 
The nonbreached condition corresponds to the zero 
permeability condition called for by Section 7.5. These 
calculations are performed and the data are plotted 
for each section as illustrated in Figs. 22 and 23. 
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(a) Draft and trim. The ship is assumed at a 
damaged condition draft, T,. At this draft and an as- 
sumed level trim, displacement, LCF, and moment to 
trim 1 cm are read from the curves of form; and mass 
of flooding water and leg of flooding water are read 
from the curves for the applicable damaged compart- 
ment(s). (Because the effects of compartment shape 
and of trim are partially compensatory, sufficient ac- 
curacy is normally attained by assuming the leg of a 
compartment or of a part to be at its midlength.) 

A first approximate value for the trim due to flooding 
is 


_ (w/9) Go — OF) 


Trim, em = 100 MTom (28) 
or in English units, 
_ wg — HF) 
Trim, ft 2 x MTI (28a) 


Since trim increases the draft in way of the damage 
and therefore the amount of flooding water, the actual 
trim due to the damage will, in general, be more than 
this first approximation. At average damaged condition 
drafts, it may be about 10 percent more. With this in 
mind, a trimmed waterline corresponding to the vessel 
LCF draft, 7, is assumed. 

A trim and heel diagram similar to Fig. 17, but show- 
ing both the LCF curve or curves and the longitudinal 
center or centers of flotation of the damaged com- 
partments, is used. By placing the assumed trimmed 
waterline on the diagram, the angle of heel to the 
margin line and the draft at the center of the damaged 
space or spaces, or of each section thereof, can be read 
off. Since the compartment characteristics are plotted 
on a basis of centerline draft, no draft correction for 
TCF of damaged waterplane is made. 

Using the compartment curves, the values corre- 
sponding to these damaged space drafts are then to- 
talled for the space or spaces included in the damage. 
If the unsymmetrical part of the flooding is small, i.e., 
if a large portion of the heeling moment results from 
the transference of wedges as the vessel heels, the 
GM necessary to provide a 5-cm (2-in) positive GM in 
the damaged condition may be more than that to limit 
heel. If this is considered likely, calculations are made 
both for a zero heel condition and for one or more 
assumed heeled conditions. (In dealing with the zero 
heel condition, transverse moment is assumed to be 
eliminated; i.e., as would be the case if weights else- 
where in the ship were shifted to equalize the heeling 
moment.) 

In either case the amount of flooding water sub- 
tracted from the displacement at 7, then gives the 
displacement before damage, and the corresponding 
LCF draft before damage, 7, is read from the curves 
of form. 

For angles of heel up to and including 15 deg the 
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change in draft accompanying heel is normally disre- 
garded. However, for higher angles of heel, where the 
deck edge is appreciably immersed or the bilge 
emerges, the change may be considerable. Fig. 24, 
which is based upon the stability model tests reported 
in Russo & Robertson (1950), provides a means of 
approximating this change, and thus improving the 
accuracy of the calculations. The change in draft de- 
termined from this figure is applied to T,, the centerline 
LCF draft for the assumed trim line. The correct dis- 
placement and other hydrostatic properties corre- 
sponding to 7, are then determined by entering the 
curves of form with the resulting amended draft, not 
Fa 
For purposes of calculating trim it is usually as- 
sumed that the mean emergence draft is equal to the 
mean between the assumed damage condition draft, 
T,, and the mean of the drafts before damage deter- 
mined for the zero heel and for the limiting heel con- 
ditions. It is assumed that addition of a weight equal 
to the flooding water at the level or normal trim LCF 
corresponding to this mean emergence draft would 
result in sinkage from 7 to T, without any change in 
trim. The trimming lever is therefore taken as the 
distance between this LCF and the leg of flooding 
water, and the trim recomputed by Equation (28). The 
difference between this computed trim and the as- 
sumed trim is the trim before damage. If this trim 
before damage is within the normal operating range 
for that draft it may be considered satisfactory, having 
regard, at the same time, that trim may be more critical 
when heeling is restricted by damaged condition free- 
board. With a little experience in the selection of as- 
sumed trims, agreement within 30 cm (about 1 ft) can 
usually be obtained, and this is entirely adequate. 

The calculation of required initial Mis then carried 
out in accordance with the fundamental] relationships 
given in Section 3.3. See Figs. 25 and 26. 


4.8 Stability during Intermediate Flooding. During 
the intermediate stages of flooding the water is con- 
tinually flowing into the damaged compartment. 
Hence, the added weight approach is applicable, with 
allowance for the free surface of the water that has 
flowed in. 

Conditions during intermediate flooding may vary 
widely. When colliding vessels immediately separate 
after a collision, the dynamic effect of the roll of the 
struck vessel as a result of the impact, plus the surge 
of water into the damaged space, conceivably may be 
quite unfavorable. On the other hand, if the striking 
vessel remains engaged with the struck vessel for a 
time, it may more or less restrain that vessel during 
the period of intermediate flooding. 

In recognition of these extremes, as well as the prac- 
tical requirements of using known quantities in the 
calculations, the following assumptions are used in 
intermediate flooding: 

(a) The vessel is assumed to be in static equilibrium 
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Fig. 25 Form for calculation of draft and trim, added-weight method 
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© 
© 


©| © |@ 


SUBDIVISION AND DAMAGE STABILITY 173 


WT WING BULKHEADS 


SUPERSTRUCTURE 


WL_ DAMAGED 
CONDITION 


08 0.25 
0.2 
0.6 
: 0.15 
: ig 
ny 0-4 oS 
oO 
BULKHEAD DECK a DYNAMICAL STABILITY 0.1 
EDGE IMMERSES MAX.62= 0.08 ~ to max. 6221.4 FT DEG = 0.0075 m-rad 
0.2 =, _ DYNAMICAL STABILITY 
‘ MAX. G2 0.06 ~ ro max GZ=10 FT DEG. = 0.0054 m-rad | nog 
fe) 
fe) 5 10 15 20 25 30 35 40 


¢@ IN DEGREES 


Fig. 27 Effect of watertight wing bulkheads in superstructure 


For this example, B = 25m; freeboard after damage = 1.5m; GM 


after damage = 0.3m 


at every stage of flooding, with the flooding water architect will endeavor to arrange compartments so 
surface parallel to, but at a lower level than the surface that equalization is either not required or can be at- 


of the sea. 

(6) Inthe case of unsymmetrical flooding involving 
spaces which are cross-connected by pipes, ducts, or 
flooding plugs, it is normaily assumed that the flooding 
water in the damaged wing space reaches sea level, 
and the vessel heels accordingly, before any equali- 
zation occurs. 

(c) Wing spaces which are freely interconnected by 
large unobstructed openings are assumed to equalize 
as they flood. 

During intermediate flooding, heel may occur either 

as a result of negative GM or from unsymmetrical 
flooding. Since the condition is transient, some heel is o 
acceptable provided the accompanying range of sta- 
bility and maximum righting arm include a sufficient 
margin against capsizing. 

The matter of just how much margin is “sufficient” 
is rather indeterminate. There may be considerable 
difference in required margin, depending, for example, 
on whether equalization takes place in 1.5 min or 1.5 
hr (see 7.6). In situations such as this where the safety 
of people and property are involved, the prudent naval 
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Fig. 28 Equalization of wing tanks 
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Fig. 29 Assumed wing tanks for free surface calculation 


tained quickly and will provide, in all stages of equal- 
ization, a range and amplitude of righting arm close 
to that required by the survival criteria. In judging 
this, the righting arm curve should be assumed to go 
to zero at the point where downflooding through open- 
ings in the bulkhead deck can occur. It is therefore a 
desirable design feature to have such openings as far 
inboard as practicable. 

It is frequently practicable to have the wing bulk- 
heads in spaces above the bulkhead deck watertight; 
the beneficial effect of such bulkheads has been re- 
ferred to in Section 2.2, as illustrated in Fig. 27. At 
the point where flooding reaches the inboard lower 
corners of such bulkheads, the righting arm curve 
theoretically drops to the lower curve, corresponding 
to the bulkhead deck, and is not reversible. However, 
where there is a fore and aft passage bulkhead at the 
inboard edge of the wing bulkhead, outboard extension 
of flooding may be retarded enough so that the effec- 
tive dynamic value of GZ approaches that indicated by 
the dotted line. This gain cannot be evaluated specif- 
ically, but does have the effect of narrowing the nec- 
essary margin between the statical heeling arm and 
the peak oe. It is obviously desirable that the wing 
bulkheads extend as far inboard, and that their con- 
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Fig. 30 Cross-connection of double-bottom spaces 
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Fig. 32 Alternative cross-connection of wing tanks 


Fig. 33 Cross-connection of wing tanks 
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Fig. 33 Intermediate flooding 


struction and arrangement be as effective, as is prac- 
ticable. 

When port and starboard spaces are cross-connected 
to minimize or eliminate unsymmetrical buoyancy, 
such spaces may be assumed to equalize concurrently 
with flooding on the damaged side only if they are 
connected by large unobstructed openings such as 
open passages or cofferdams, as illustrated in Fig. 28. 

When spaces are cross-connected, equalization time, 
in seconds, may be estimated by the following formula 
set forth by G. Solda (1961): 


2v 


= FAQgH ) 


where 


v is total volume of unequalized flooding, or of 
liquid to be dumped 

Ff is flow coefficient (0.65 may generally be as- 
sumed if connection is short and direct 
and is fitted with not more than one full 
area gate valve or equivalent) 

A is sectional area of equalizing duct or dump 
line 

His net head at beginning of equalization or 
dumping 


In English units, this reduces to, 


Vv 


= rae 


(30) 


Cross connections between tanks present a different 
problem. Such connections, if of ordinary design and 
open, may greatly increase the free-surface effect of 
liquids in the tanks. For example, suppose that the 
dimensions of the tanks were as shown in Fig. 29. The 
combined moment of inertia of the surfaces of these 
two tanks, about longitudinal axes through their re- 
spective centers of area, is 


2x 18 x (5) 


= 4 

2 270.8 m 

If the tanks are cross-connected, their surfaces will 
constitute a single surface the center of area of which 
is on the centerline of the ship. The moment of inertia 
about this axis is 


3 3 

13 x [(20) (10)*] = 7583 m! 
12 

which is 28 times as much as when the tanks were 
separate. If the ship should be flooded in compartments 
other than those containing the cross-connected wing 
tanks, their large free surface would still exist in the 
flooded ship. Therefore, a correspondingly increased 
GM before free-surface correction would be required 
to insure sufficient residual stability after flooding. See 
Chapter II. 

Such operational free-surface effects may be elimi- 
nated by providing valves in the cross connections or 
by using special automatic tank and cross-connection 
arrangements which permit liquid transfer from a 
damaged tank to an intact one on the other side, with- 
out resulting in appreciable transfer between undam- 
aged tanks. 

Where valves are fitted, it is usual to specify that 
these be maintained closed at all times except when 
opened and reclosed for drill and test purposes, or 
when a valve or valves may actually be required to be 
opened to equalize flooding. This is effective, but is 
subject to the risk that, in time of emergency, a valve 
may either not be opened or may be unnecessarily and 
wrongly opened to the detriment of stability. 

No attempt is made here to discuss special automatic 
tank arrangements and cross connections, since there 
is a variety of ways in which a designer may reduce 
the amount of unsymmetrical intact buoyancy and yet 
maintain satisfactory intact stability. Figs. 30, 31, and 
32 illustrate ways of doing this. 

With modern computer techniques (Section 5), it is 


Copyrighted Materials 


176 


relatively easy to check the ship’s actual heel by the 
calculation of residual righting arms with varying 
amounts of water in the compartment at levels of, for 
example, 1/16, 1/3 and 2/3 of the distances from the 
top of the double bottom to the intact waterline. See 
Section 5. From the righting arm curve, the positive 
or negative GM is immediately available. 


Copyright © 1988 Society of Naval Architects and Marine Engineers 
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In the case of symmetrical flooding, the vessel may 
heel due to negative GM in the early stages of flooding. 
The required intact GM to limit heel so as not to im- 
merse any particular reference point, such as the mar- 
gin line, generally is greatest for the time in flooding 
at which the double bottom just becomes covered, as 
illustrated in Fig. 38. 


Section 5 
Subdivision and Damage Stability Calculations by Computer. 


5.1 General. Computer programs are now widely 
available throughout the world to calculate subdivision 
and damage stability. In the United States the program 
most widely used is the Ship Hull Characteristics Pro- 
gram (SHCP). The subroutines available in the basic 
program are discussed here. Many users, i.e., govern- 
ment agencies, design agents, shipyards, for example, 
have developed additional subroutines to further re- 
duce manual labor. Thus the use of computers makes 
possible a more comprehensive and rigorous analysis 
than would otherwise be possible. 

In addition to the Floodable Length Program de- 
scribed below, a Trim Lines Sub-program calculates 
final damaged ship drafts and trim after flooding of 
specific compartments or groups of compartments at 
specified permeabilities. A Limiting Drafts Sub-pro- 
gram determines the maximum drafts forward and aft 
to which a ship may be loaded prior to flooding and 
still survive when a specific compartment or group of 
compartments is flooded. 

A fundamental limitation of computers is that the 
output is only as good as the input and great care and 
forethought are necessary in subdivision and damage 
stability calculations to insure that all relevant flooding 
combinations are included. Not only must longitudinal, 
transverse and horizontal flooding be carefully defined, 
but all conditions affecting weight and volume, such 
as longitudinal, transverse and horizontal changes in 
permeability, if any, must be allowed for. Dimensioned 


sketches should be prepared and retained as records 
of assumed flooding on which input data are based. 

In future it may be expected that hand-held and/or 
microcomputers, which have been programmed for 
other naval architectural calculations, will be applied 
to flooding and damage stability. 

5.2 Floodable Length. The method used by the 
Ship Hull Characteristics Program (NAVSEA, 1976) 
to calculate floodable length by computer is quite dif- 
ferent from the method of manual calculation de- 
scribed in Section 4. Instead of using trim lines, SHCP 
divides the length of the hull into a user-specified num- 
ber of equal intervals (minimum length LBP/40), and 
taking each of these points in turn as a center of 
damaged length, calculates by an iterative process the 
resulting equilibrium draft and trim, varying the dam- 
aged length until the equilibrium waterline just 
touches the margin line. The damage lengths thus de- 
termined represent points on the floodable length 
curve. 

Plotter routines are available which quickly plot 
curves of floodable length at any number of varied 
permeabilities. 

5.3 Damage Stability. The object of the Dama, 
Stability Sub-program is to calculate righting arm 
curves for the ship after damage and flooding of var- 
ious compartments and combinations of compart- 
ments. Another sub-program calculates Cross Curves 
after damage, if desired. 


Table 1—SHCP Computer Print Out—-One Damage Condition 


DAMAGED STATICAL STABILITY CALCULATIONS 


CONDITION 2 COMPARTMENTS INCLUDED 40 41 42 48 44 45 46 47 900 901 902 903 904 


NET DAMAGED SHIP PROPERTIES 


DISP LCG POLE HT HEEL RA 
2125.96 —7.404 0.0 0.0 — 0.525 
2.86 0.676 
10.00 3.687 
15.00 5.845 
25.00 9.799 
35.00 13.241 


TCB VCB LCB DRAFT TRIM 
— 0.525 15.705 —7.720 24.110 —3.863 
—0.110 15.716 —7.720 24.106 ~—3.857 

0.951 15.837 7.717 24.061 —3.793 
1.759 16.016 —7.718 24.056 ~—3.774 
3.115 16.506 — 7.684 24.193 —3.261 
4.178 17.118 — 7.532 24.591 ~ 1.431 
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(a) General. In calculating damage stability using. 


the basic SHCP program, it will be realized that the 
Ship Data Table and all of the basic hydrostatic data 
for the hull form have already been entered into the 
computer and the subroutine simply calls on the com- 
puter for information from this data base. The user 
inputs the offsets of all compartments and/or groups 
of compartments as well as the appropriate permea- 
bilities, and the assumed pole height. For each dam- 
aged condition and each heel angle the program then 
calculates the volume and LCB of the damaged ship 
iteratively at varying draft and trim until the net re- 
maining intact portion of the damaged ship has dis- 
placement and LCB consistent with the design intact 
condition. 

The machine then calculates the righting arm (RA); 
the transverse center of buoyancy (TCB), the vertical 
center of buoyancy (VCB) and the longitudinal center 
of buoyancy (LCB) for the vessel in each damaged 
condition at all angles of heel. The user designates the 
angles (up to 10) so as to ensure that he gets results 
at points closely spaced above and below changes such 
as chines, knuckles, and deck edges. 

A typical computer printout of the results for one 
condition is given in Table 1. The numbers shown in 
the line opposite “Condition” are, of course, keyed to 
the designations established for the compartment or 
compartments damaged. Similar data on the intact ship 
and on individual compartments can also be printed 
out if desired. Provided input data and instructions are 
complete and accurate, the results of the computer 
calculations are more accurate than those of the man- 
ual method. This is particularly true for ships of un- 
usual form, or where sinkage, trim and heel involve 
immersion of decks or where changes in permeability 
occur. This is because the computer procedure involves 
the direct integration of all intact and flooded areas 
and volumes up to the damaged waterline. 

(ob) Residual GM, Heel and Freeboard. To deter- 
mine coy cance with survival criteria specifying min- 
imum GM, maximum heel and minimum freeboard 
from the data given by the basic SHCP program a 
manual analysis of the data in the computer printout 
must be made. This requires: 

1. The correction of the righting arm values for the 
actual KG of the ship versus the pole coordinate shown 
in the printout (see Chapter IJ). 

2. The plotting of the corrected righting arm curve 
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and a determination of the residual heeling angle after 
damage in the equilibrium condition (i.e. when righting 
arm = 0). 

8. The graphical determination from the righting 
arm curve of the residual GM at the equilibrium angle. 

4. The plotting of draft and trim against heeling 
angles and the determination of final draft and trim 
at the equilibrium heeling angle. 

5. The manual check of the final equilibrium water- 
line against the lines plan to determine minimum free- 
board. 

Obviously, the above calculations must be repeated 
for each damage condition. 

Most organizations using SHCP have developed 
computer subroutines which can perform some or all 
of the above computations. In addition, subroutines 
have been developed using iterative techniques to de- 
termine the minimum KG for each condition required 
to meet the survival criteria. 

Techniques vary among various subroutines. Some, 
for example, will determine the required GM by heel- 
ing the vessel one degree past the equilibrium angle 
and mathematically determining the slope between the 
righting arms at each angle. With the basic SHCP 
program, checks of the effects of intermediate flooding 
must also be done manually. Again, additional sub- 
routines have been developed to perform this compu- 
tation. While the effects of asymmetric flooding are 
accounted for in the basic SHCP program, any asym- 
metrical weight changes must be accounted for man- 
ually. 

(ce) Residual Range and Amplitude of Righting 
Arm. Where the survival criteria call for minimum 
range and amplitude of righting arms and minimum 
values of righting energy, i.e., areas under the righting 
arm curve, a plot of righting arms from the computer 
printout provides all the information required to de- 
termine compliance or noncompliance with the crite- 
rion, except for the location of any point of 
downflooding, which must be checked manually. 

Many subroutines have been developed and are 
being used to plot the righting arm curve automati- 
cally, and to print out the point of downflooding and 
the amplitude of the maximum righting arm and the 
righting energy under the curve. 

Other subroutines using iterative techniques have 
been developed to establish minimum KG’s required 
to meet the survival criteria at various initial drafts. 
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Section 6 
Definitions for Regulations 


6.1 Introduction. The definitions given herein are 
for reference in connection with the regulations dis- 
cussed in the following section. They are applicable to 
vessels complying with the traditional factorial and 
integer compartment length standards (Section 7) and 
are in agreement with (but not necessarily worded the 
same as those of) the U.S. Coast Guard Rules for 
Subdivision and Damaged Stability, and with the var- 
ious International Conventions and IMO recommen- 
dations. Where differences among definitions 
applicable to specific classes of vessels occur, the dif- 
ferences are noted. 

However, because the new IMO probability-based 
Equivalent Passenger Vessel Regulations (SOLAS 
Conference, 1974) contain a number of new and dif- 
fering definitions, they have been separately set forth 
in Section 8. 

The U.S. regulations for bulk chemical and liquefied 
gas carriers contain a number of definitions for tanks, 
spaces, etc., peculiar to those classes of ship that are 
not included herein. The reader is referred to the Code 
of Federal Regulations (46 CFR 1538 and 154). 

Offshore mobile drilling unit require definitions for 
length, etc., differing widely from standard types of 
ships and are also not included. The reader is referred 
to the American Bureau of Shipping Rules for Butld- 


ing and Classing Offshore Drilling Vessels. 

When the permissive subdivision regulations for 
tankers were included in the 1966 Load Line Conven- 
tion, the IMCO delegates adopted the same definition 
of length that has always been used for load line pro- 
visions—essentially length between perpendiculars — 
rather than length on the subdivision waterline. This 
made it easier for the regulatory officer preparing a 
load line certificate, but caused some confusion among 
naval architects wondering whether to put the end 
stations for lines drawings and hydrostatic calcula- 
tions at the ends of the subdivision waterline or at the 
perpendiculars. However, the procedure of setting the 
end stations at the waterline is commonly accepted, 
though some designers still use the length between 
perpendiculars and account for volumes beyond the 
perpendiculars by adding additional stations. 

6.2 Definitions. 

(a) Subdivision Load Line. The subdivision load 
line is the waterline used in determining the subdivi- 
sion of the vessel. The deepest subdivision load line is 
the waterline which corresponds to the greatest draft 
permitted by the applicable subdivision requirements 
(including stability considerations). This may or may 
not be the same as the loadline assigned for freeboard 
or scantlings. 


0.076 THROUGHOUT 


/ SUBDIVISION 
LOAD WL 


FP 


AP(WL) 
THE AVERAGE VALUE OF THE SHEER 
AT THE FP AND aP IS AT LEAST 0.30m (12 IN) 
Fig. 34. Margin line with continuous bulkhead deck 
0.23m- ae SHEER 
0.076 


AP(WL) 


0.076 m 
+ 


FP 


THE AVERAGE VALUE OF THE SHEER AT 
THE FP AND THE 4P IS LESS THAN 0.30m (12 IN) 
(U.S. COAST GUARD RULES) 


Fig. 35 Margin line with continuous bulkhead deck 
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BULKHEADS | AND 2 WATERTIGHT TO HIGHER DECK. %* 


SIDES WATERTIGHT TO HIGHER DECK BACK TO 
BULKHEAD 3 


AP(WL) 7 6 5 : 4 


IN THE CASE SHOWN THE HIGHER DECK IS CONSIDERED 
THE BULKHEAD DECK AFT TO BULKHEAD 3 


# IN BULKHEAD 2 LIMITED NON- WATERTIGHT PENETRATIONS 
MAY BE SPECIALLY PERMITTED IF INBOARD OF VERTICAL LINES 
LOCATED '/4 B FROM THE CL AND IF: 
{0} NOT LESS THANO.23MABOVE THE MARGIN LINE 
(b) NOT MORE THAN 0.6m BELOW THE MOLDED 
LINE OF THE BULKHEAD DECK 


SUCH SPECIALLY APPROVED OPENINGS ARE REQUIRED 
TO BE INDICATED 8Y A PLAN CARRIED ABOARD THE SHIP 


Fig. 36 Margin line where bulkhead deck is stepped 


BULKHEADS |,2,3,6, AND 7 WATERTIGHT TO 
HIGHER DECK 


SIDES WATERTIGHT TO HIGHER DECK THROUGHOUT 


AP(WL) 7 6 5 4 


ee 0.076 10.076 _——e 


a 


0.076 


3 2 | FP 


Fig. 37 Case where more than one margin line is required 


(0) Subdivision Length. 

1. U.S. Passenger Vessels and Oceanographic Ves- 
sels 

The subdivision length is the length measured be- 
tween perpendiculars at the extremities of the subdi- 
vision load line. 

2. Tankers, Bulk Chemical and Liquefied Gas 
Carriers, Large Fishing Vessels and Offshore Supply 
Vessels 

Length (Z) is taken as 96 percent of the total length 
on a waterline at 85 percent of the least molded depth 
measured from the top of the keel, or as the length 
from the fore side of the stem to the axis of the rudder 
stock on that waterline, if that be greater. In vessels 
designed with a “rake of keel” (drag), the waterline 
on which this length is measured is taken as parallel 
to the designed waterline. 

(c) Breadth of Vessel. The breadth of the vessel 


is the extreme molded width at or below the deepest 
subdivision load line. On wood vessels, breadth is taken 
to the outside of the planking. 

(a) Bulkhead Deck. The bulkhead deck is the up- 
permost deck to which the transverse watertight bulk- 
heads and the shell are carried. 

(e) Margin Line. The concept of the margin line 
was adopted in the origina] 1929 Convention and has 
been continued for U.S. Passenger Vessels, oceano- 
grahic vessel regulations, vessels under Maritime Ad- 
ministration jurisdiction, and subsequent international 
conventions on passenger vessels since that date. How- 
ever, it is not used in the new equivalent regulations 
for passenger vessels or in the regulations for sub- 
division of other classes of ships. It is accepted in 
principle by the U.S. Navy. 

The margin line is a line defining the highest per- 
missible location on the side of the vessel of any dam- 
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aged waterplane in the final condition of sinkage, trim 
and heel. It is in no case permitted to be less than 7.5 
em (8 in.) below the top of the bulkhead deck at the 
side. In certain cases the subdivision of one portion of 
the ship may relate to one margin line while the balance 
of the ship is calculated to another. The various ways 
in which margin lines are assigned are illustrated in 
Figs. 34 through 37. 

() Draft. The draft is the vertical distance from 
the molded baseline amidships to the waterline in ques- 
tion. In case of floodable length calculations, as re- 
quired by the traditional factorial standards, this 
waterline is always the subdivision load line. In the 
case of all other subdivision standards and all damage 
stability calculations, the waterline to which the draft 
is measured is the one at which the vessel is floating 
in the operating condition. 

(g) Volume. In all cases volumes are calculated to 
molded lines. The volumes of flooded spaces are cal- 
culated only to the waterline after sinkage. 

(h) Permeability. The volume permeability of a 
space is the percentage of the space that can be oc- 
cupied by water. Surface permeability is the percent- 
age of a waterplane that can be occupied by water. 

(i) Intact Buoyancy. The term intact buoyancy is 
used to describe spaces within the limits of damaged 
compartments that are undamaged and not open to 
the sea. 

G) Machinery Space. The machinery space is 
taken as extending from the molded baseline to the 
margin line or deck line and between the extreme main 
transverse watertight bulkheads bounding the spaces 
devoted to the main and auxiliary propelling machin- 
ery, boilers serving the needs of propulsion and all 
permanent coal] bunkers. In the case of unusual ar- 
rangements, special consideration may be necessary. 

(k) Passenger Space. Passenger spaces are those 
provided for the accommodation and use of passen- 
gers, excluding baggage, stores, provision and mail 
rooms. For the purpose of permeability calculations, 
crew spaces and all other spaces which, in the fully- 
loaded condition, normally contain no substantial quan- 
tity of cargo, coal, oil fuel, baggage, stores, provisions, 
or mail are treated as passenger spaces. 

() Floodable Length. The floodable length at any 
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point in the length of the ship (as previously defined) 
is the maximum portion of the length, having its center 
at the point in question, that can be symmetrically 
flooded at the prescribed permeability, without im- 
mersing the margin line. 

(m) Criterion of Service. The criterion of service 
is a numeral intended to express the degree to which 
a vessel is a passenger vessel. In principle, a numeral 
of 23 corresponds to a vessel engaged primarily in 
carrying cargo, with accommodations for a small num- 
ber of passengers, while a numeral of 123 is intended 
to apply to a vessel engaged solely, or very nearly so, 
in the carriage of passengers. See Section 7. 

(ny) Factor of Subdivision. The factor of subdivi- 
sion is a factor prescribed by the applicable regulations 
and by international convention (Section 7) that de- 
pends on ship length and criterion of service. See per- 
missible length. 

(o) Permissible Length. The permissible length at 
any point is obtained by multiplying the floodable 
length at that point by the factor of subdivision. 

It should be noted that these paragraphs 12, 13, 14, 
and 15 contain definitions applicable only to the tra- 
ditional factorial standards for passenger vessels. See 
Section 7. 

(p) Use of Positive and Negative Signs. In addi- 
tion to their conventional use to indicate addition or 
subtraction, these signs have the following special 
usages in this chapter: 


Plus (+) Minus (—) 
Longitudinal levers, Forward Aft 
trim, ete. 
Transverse levers, Starboard Port 
heel, etc. 
Vertical levers, Up or above Down or 
shifts, etc. below 


(~ Large Fishing Vessel. A large fishing vessel is 
defined by IMO as a fish-catching vessel over 100m 
(300 ft) in length and carrying more than 100 persons 
on board. 

(r) Administration. This term is used to indicate 
the governmental body responsible for administering 
the particular regulation under discussion. 


Section 7 
Subdivision and Damage Stability Criteria 


7.1. General. AJl subdivision and damage stability 
criteria or regulations must provide the answers to the 
following three key questions: 

(a) What is the extent of damage to which the ship 
is assumed to be subjected? 

(6) Where is the damage assumed to be located? 


Primarily, can it occur between bulkheads, or on one 
or more specific bulkheads, or on any bulkhead? 

(c) What condition is the ship permitted to be in 
after the assumed damage? What is the permissible 
sinkage, trim and heel; the residual GM and/or GZ, 
righting energy and range of stability; and what limits 
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are placed on the location of the waterline in a flooded 
condition? Or what is the required initial stability? 

In addition, all criteria set forth special requirements 
for such items as assumed permeabilities, minimum 
bulkhead spacing, local subdivision and equalization 
after flooding. 

Since their inception, criteria for subdivision and 
damage stability of passenger ships have dealt only 
with side or end damage. This practice has been fol- 
lowed in the Maritime Administration criteria and in 
the criteria for large fishing vessels, offshore supply 
vessels and mobile drilling units. This was undoubtedly 
due to the belief of the authorities that the require- 
ments for double bottoms in the SOLAS conventions, 
and their use in general practice, provided adequate 
bottom protection against flooding. In the case of tank- 
ers, bulk chemical carriers and liquefied gas carriers, 
however, the authorities were concerned about the ef- 
fect on the environment of escaping cargo and the 
need for added provisions regarding the extent of bot- 
tom damage. There are no requirements in subdivision 
or damage stability regulations for a ship to comply 
with any wind heel criterion after damage. However, 
the U.S. Navy does attempt to allow for the effect of 
wind on damage stability (section 7.5,()). 

At the time when international standards were being 
developed, combination cargo and passenger vessels 
made up the great majority of the world’s fleet car- 
rying passengers on international voyages. It was this 
type of ship that dictated the standards for passenger 
vessels. Their use has declined steadily and now those 
remaining are primarily in the pilgrim trade or in out- 
of-the-way services. The influence of combination 
cargo and passenger vessels still remains, however, 
and will continue until they disappear. 

After a great deal of preliminary discussion of cri- 
teria for subdivision, the 1929 Internationa] Confer- 
ence on Safety of Life at Sea accepted the concept that 
there is a continuously increasing safety with decreas- 
ing bulkhead spacing. Hence, instead of prescribing 
one, two and three-compartment subdivision, with the 
bulkhead spacing as long as possible within each grade 
of subdivision, the Convention gave a permissible 
length that is obtained by multiplying the floodable 
length by a factor less than (or, as a limit, equal to) 
unity, called the factor of subdivision. By this factorial 
system a factor of subdivision of 1.0 corresponds to a 
one-compartment standard (i.e., any one compartment 
can be fiooded without the ship sinking—under as- 
sumed conditions), 0.5 to a two-compartment standard, 
etc. An intermediate factor such as 0.75, for example, 
would correspond to a one-compartment standard un- 
der rule assumptions regarding drafts before damage, 
permeabilities, etc., but it was assumed that under 
certain more favorable conditions the ship might sur- 
vive with two compartments flooded (i.e., side damage 
at a bulkhead.) Hence, the doubtful presumption that 
a ship with factor of subdivision of 0.75 is safer than 
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one with a factor of 1.0. 

As noted in Section 1, an entirely different proba- 
bilistic approach to subdivision was introduced at the 
1974 SOLAS Conference, and the resulting Alternate 
Equivalent Passenger Regulations were included in 
the 1974 Convention. See Section 8. The basic philos- 
ophy now is that the true index of safety is the prob- 
ability of survival after damage occurring anywhere 
along the length of the ship, between or on a bulkhead. 

Under the factorial standards to be summarized in 
this section, it will be found that a vessel around 180m 
(600 ft) in length and carrying only six hundred pas- 
sengers and no cargo is not required to meet a two- 
compartment standard. Passenger vessels on inter- 
national voyages in the past twenty years have been 
constructed either as cruise ships, or as combination 
automobile and passenger ferries. For both types of 
ship there is no economic need for large cargo holds. 
The spaces below the freeboard deck can be subdivided 
with ample bulkheads to permit them to meet a two- 
compartment standard without penalizing them un- 
duly. A vessel carrying passengers below the free- 
board deck may require a few more bulkheads, a few 
more sliding watertight doors and a few more stair- 
ways, but the costs of these are insignificant in relation 
to the total cost and relative safety of the ships. Au- 
tomobile and passenger ferries may easily meet a two- 
compartment standard with car decks extending below 
the freeboard deck. See Robertson, et al (1974). 

The naval architect should feel a great deal more 
comfortable if one’s passenger ship can sustain dam- 
age anywhere in the vessel’s length, i.e. meets a two- 
compartment standard, without the need to worry 
about the probability of damage occurring at a bulk- 
head. Such a standard has been easily met on United 
States inland and coastwise vessels over 100m in 
length, and it is desirable for it to be met on similar 
ocean going passenger vessels wherever possible. 

On ships travelling on international routes, coming 
under the jurisdiction of the SOLAS Conventions, any 
ship carrying more than 12 passengers is classed as a 
passenger vessel, Ships operating on voyages between 
any two American ports, which are covered under the 
U.S. Coast Guard regulations, are classed as passenger 
vessels if they carry more than 16 persons. Smal! U.S. 
passenger vessels, again operating between U.S. ports 
and which come under SubChapter “T” Regulations, 
are classed as passenger vessels if they carry more 
than 6 passengers. 

7.2. Summary of U.S. and International Stand- 
ards. Standards for subdivision and damage stability 
have been established by International Conventions, 
by recommendations of IMO, by national regulations 
and by classification society rules. These standards can 
be subdivided into two types. The first type uses the 
traditional factorial system. The second type uses the 
integer compartmentation system. In the latter, the 
standards require the ship to survive damage to 1, 2 
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or more compartments, in parts or in all of the ship. 

In the following summary, under the several stan- 
dards, the types of ships to which the standards are 
applicable are listed giving the U.S. (Coast Guard) reg- 
ulations (if any), the International Convention or IMO 
recommendation (if any), and the classification society 
rules (if any), applicable to each type. 

(a) Traditional factorial system standards are ap- 
plicable to all passenger vessels on international voy- 
ages, and U.S. passenger vessels over 150 gross tons 
on domestic ocean and coastwise voyages. 


SOLAS Conventions, 
1929, 1948, 1960, 1974 


U.S. Code of Federal 
Regulations: 46 CFR 
73.10, 74.10-15 


(6b) Alternate equivalent passenger vessel stan- 
dards are also applicable to all passenger vessels on 
international voyages, and U.S. passenger vessels over 
150 gross tons on domestic ocean and coastwise voy- 
ages. Note that these are alternate standards which 
are recommended by IMO and accepted by U.S. and 
other governments as equivalent to the traditional fac- 
torial system standards. See Section 8. 

(c) Integer Compartmentation Standards are ap- 
plicable to various types of ships in accordance with 
Table 2. 

It should be understood that, where U.S. regulations 
are listed, these are the law of the land and must be 
compiled with on U.S. vessels of the type described. 
Foreign countries, however, will permit such vessels 
in their waters only when they comply with the re- 
quirements of International Conventions which have 
been ratified and are in force. All U.S. regulations are 
equal to, or exceed the requirements of ratified Inter- 
national Conventions. Where IMO resolutions are 
listed as the International Standards, these are rec- 
ommendations only and are not legally binding on ves- 
sels in international trade. The only case where an 
International Convention is listed and the United 
States has no regulations is the Convention on fishing 
vessels, and this convention has not, at this date, been 
ratified by a sufficient number of countries to bring it 
into force. 

IMO is working continually toward the goal of uni- 
formity in international standards and consequently 
various “harmonization proposals” have been made 
from time to time. Some of these are noted in Section 
7.3. 

Detailed requirements for the different classes of 
ships listed in Table 2 are presented in the following 
sections under these headings: 


International Standards: 


U.S. Regulations: 


7.3 Extent of damage 
7.4 Damage location 

7.5 Damage survival 
7.6 Special requirements 
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The American Bureau of Shipping special require- 
ments for mobile offshore drilling vessels, whether 
they are self-elevating, column stabilizing, or surface 
drilling units, are too complex to detail here. The Bu- 
reau also has a computer program for analyzing the 
damage stability of the various types of drilling units. 


Table 2—Integer Compartment Standards Applicable to 
Different Types of Ships 


International U.S. 
Standards Regulations 
U.S. passenger vessels, in None 46CFR 73.15 
other than ocean and & 74,10-15 
coastwise service 
U.S. passenger vessels un- None 46CFR 73.15 
der 150 GT, on a domestic & 74.10-15 
ocean or coastwise voyage 
Small U.S. passenger ves- None 46CFR 178 
sels (under 100 GT) not on 
an international voyage 
Oceanographic ships None 46CFR 191 
Dry cargo ships (including None USCG* 
dry bulk carriers, roll-on- U.S. Vessels 
roll-off ships) under 
MARAD ju- 
risdiction: 
Des.Letter 
No. 3A 
Tankers MARPOL’73 46CFR 42 
33CFR 157 
Bulk chemical carriers ~ Res. No. 46CFR 153 
Liquefied gas carriers oe Res. No. 46CFR 154 
Offshore supply vessels IMO Res. No. None 
A469 (XII) 
Large fishing vessels Int. Conf. on None 
Fishing Ves. 
"17 
Mobile offshore drilling IMO Res. No. ABS Rules 
vessels A414 (XD for Bldg. & 
Classin; 
Mob. Drilling 
Ves. 
46CFR 107- 
109 
Naval vessels None Naval Sea 
Sys. Com., 
Des. Data 
Sheet,DDS 
079-1 


* No regulations, except that U.S. cargo vessels complying with 
special requirements for hatch covers and other areas through which 
water could enter the hull, may obtain a reduction in freeboard by 
complying with certain subdivision requirements. See 46CFR 42. 
These special requirements are readily and therefore commonly 
adopted in dry bulk carriers. 
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7.3 Extent of Damage. (a) General. While not 
specifically spelled out in all regulations, it is generally 
required and commonly accepted that if a lesser extent 
of damage than those specified in the regulations re- 
sult in a more severe condition regarding heel or loss 
of metacentric height, then such lesser extent should 
be assumed. One example of the need for such a re- 
quirement is a vessel with high side tanks with inboard 
longitudinal bulkheads spaced less than B/5 from the 
shell. Flooding such tanks alone when empty could 
cause a greater heel than that caused by flooding both 
the side tank and inboard compartment. 

In all cases, the transverse extent of damage is mea- 
sured from the waterline at the point of minimum beam 
in way of damage. 

In the early passenger vessel regulations, the lon- 
gitudinal extent of damage was expressed as a fixed 
amount 3.05m (10 ft), plus a percentage (3.0) of the 
length. Later regulations adopted a fixed percentage 
of a power of the length, i.e.: 1/3Z7" or 0.495L" ft. 
or a fixed length, whichever is the least. A comparison 
of the values obtained by each of these formulas is 
given in Table 3, for a representative list of ship 
lengths. 


Table 3—Longitudinal Extent of Damage 


Length of Ship 03L + 3.05m 1/3L?°(L in m) 
mt. _m ft. _m ft 

30.49 100 3.96 13.0 3.26 10.7 

60.98 200 4.88 16.0 5.15 16.9 

91.46 300 5.79 19.0 6.79 22.3 
121.95 400 6.71 22.0 8.20 26.0 
152.44 500 7.62 25.0 9.51 31.2 
182.93 600 8.54 28.0 10.73 35.2 
213.41 700 9.45 31.0 11.92 39.1 
243.90 800 10.37 34.0 12.99 42.6 


183 


The U.S. regulations on extent of damage for tank- 
ers stem from the 1973 Pollution Convention. Bulk 
chemical ships and liquefied gas carriers stem from 
IMO Codes. The difference in extent of damage be- 
tween the two regulations is minor. IMO is now in the 
process of “harmonizing” these recommendations and 
it is expected that the U.S. will follow its lead. Notes 
have been appended to the stated requirements for 
these vessels in Section 7.3, showing the status of the 
IMO proposals at the time of writing. Again, the reader 
is cautioned to check the latest U.S. regulations on any 
new design. 

(b) US. Passenger Vessel Regulations. The re- 
quired assumed extent of side damage in United States 
passenger vessels on an international voyage, or over 
150 gross tons in ocean or coastwise service (assumed 
to be rectangular both in plan and elevation) is given 
by Table 4. 

The transverse extent of damage (penetration) is 
measured inboard of the vessel’s side and at right 
angles to the centerline at the level of the deepest 
subdivision load line. In the United States rules, for 
vessels on inland waters and for ferry vessels, where 
the maximum molded beam at the deck and at the load 
waterline differ appreciably, the transverse extent of 
damage throughout the ship is taken as the mean be- 
tween the inboard penetration of the deck, using the 
maximum beam at the deck, and the inboard penetra- 
tion at the deepest subdivision load line, using the 
maximum beam at the load line. 

For passenger vessels under 100 gross tons, the 
Coast Guard has special requirements dependent on 
length and number of passengers. The reader is re- 
ferred to the detail regulations in 46 CFR 178 for these 
requirements. 

(c) Oceanographic Vessels. It is assumed that the 
longitudinal extent of damage does not exceed 3.05m 


Table 4— Assumed Extent of Damage 


Vessel Category 


All vessels 


Vessels without factor of sub- 
division, where a two-compart- 
ment standard is required 


Vessels with a factor of subdi- 
vision of 0.50 or less 


Vessels with a factor of subdi- 
vision of 0.50 or less 


Vessels with a factor of subdi- 
vision of 0.33 or less 


Longitudinal Extent 


3.05m (10 ft) + 0.03Z or 10.7m (35 


ft) whichever is less—no main bulk- 
head involved 


3.05m (10 ft) + 0.08Z or 10.7m (85 
ft) whichever is less, involving one 
main bulkhead 


3.05m (10 ft) + 0.08Z) or 10.7m (85 
ft) whichever is less, involving one 
main bulkhead 


6.1m (20 ft) + 0.04Z involving not 
more than one main bulkhead* 


6.1m (20 ft) + 0.04Z but in any case 
long enough to involve two main 
bulkheads* 


*3.05m (10 ft) plus 0.03Z in the 1974 International Convention. 
° From the baseline in the 1974 International Convention. 


Transverse 
Extent Vertical Extent 

B/5 From baseline upward without 
limit 

B/5 From baseline upward without 
limit 

BA From baseline upward without 
limit 

B/S Top of double bottom to mar- 
gin line’ 

BY 


From baseline upward without 
limit 
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(10 ft) plus 0.03L. Transverse or vertical extent of 
damage is not defined. 

(d) Cargo Ships. The Maritime Administration as- 
sumes, on all major vessels built under government 
subsidy or mortgage insurance programs, that damage 
oceurs on the side and does not extend to main trans- 
verse bulkheads unless they are spaced closer than 
the required length of damage which is 0.495L7” or 
14.5m (47.6 ft), whichever is less. Where U.S. Coast 
Guard regulations for specific ship types impose more 
severe requirements, these supersede the Maritime 
Administration standard. The assumed transverse ex- 
tent of damage is B/5 and the vertical extent is un- 
limited above and below the baseline. 

(e) Tankers (U.S. Regulations). For side damage, 
the extent of damage assumed is: 
1/3L?* or 14.5 meters (47.5 ft) 
whichever is less 


B/5 or 11.5 meters (87.7 ft) 
whichever is less 


e Longitudinal extent 


Transverse extent (inboard 
from the vessel’s side at the 
level corresponding to the as- 
signed summer freeboard) 

e Vertical extent From the baseline upward 
without limit 
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(2) Grounding penetration: 


Damage 


» Longitudinal 
See Note 1 


e Transverse 
See Note 2. 


e Vertical extent 
from the base 
line. 


Note 1: 


At forward end, but 
excluding damage 
aft of point 0.32 

aft of FPP 


L/10 


B/6 or 10m (ap- 
prox. 32.8 ft), 
whichever is less. 


B/15 or 6m (ap- 
prox. 19.7 ft), 
whichever is less. 


At any other longi- 

tudinal position 
L/10 or 5m (ap- 
prox. 16.4 ft), 


whichever is less. 
See Note 1. 


5m (approx. 16.4 ft) 


B/15 or 6m (ap- 
prox. 19.7 ft), 
whichever is less 


The IMO harmonization proposal would change the lon- 


gitudinal extent of damage in locations forward of the 
0.08L to 1/3L7 or 14.5m whichever is less. In other lon- 
gitudinal locations it is 1/3L?? or 5 meters, whichever is 


less. 
Note 2: 


IMO harmonization proposal would change the transverse 


: we “a B : 
extent in “other longitudinal positions” to 3 or 5m, which- 


ever is less. 


If the damage assumption excludes a transverse 


For bottom damage, the extent of damage assumed 


is: 


Damage 


e Longitudinal ex- 
tent 


e Transverse extent 


e Vertical extent 
from the baseline 


From 0.3L from the 
forward perpendicu- 
lar of the ship 


L/10 (See Note 1) 


B/6 or 10 meters 
whichever is less, 
but not less than 5 
meters 

B/15 or 6 meters, 
whichever is less 


Any other part of 
the ship 


L/10 or 5 meters, 
whichever is less. 
(See Note 2) 

5 meters (See Note 
3) 


B/15 or 6 meters, 
whichever is less 


bulkhead bounding a machinery space, the machinery 
space must be assumed to be flooded as a case separate 
from the damage assumption. 

(g) Liquefied Gas Carriers (U.S. Regulations). 


(1) For side damage, the extent of damage assumed 
is: 


e Longitudinal extent 1/3L** or 14.5m, whichever is 


less. 
e Transverse extent (inboard B/5 or 11.5m, whichever is 
from the ship’s side at right less 


angles to the centerline of 
the level of the summer load 
line) 

e Vertical extent From the baseline upward 


without limit. 


Note 1: The IMO harmonization proposal would change this to 
1/3L?" or 14.5 meters, whichever is less. 

Note 2: The IMO harmonization proposal would change this to 
1/3L”* or 5 meters, whichever is less. 

Note 3: The IMO harmonization proposal would change this to B/ 
6 or 5 meters, whichever is less 


() Bulk Chemical Carriers (U.S. Regula- 
tions). It is assumed that damage can occur from 
either collision or grounding damage, and the damage 
must consist of the most disabling penetration up to 
and including penetrations having the following di- 
mensions: 


(1) Collision penetration: 
¢ Longitudinal extent (1/3)Z?% or 14.5m (approx. 
0.495L?% or 47.6 ft), whichever 
is less. 

B/5 or 11.5m (approx. 37.7 ft), 
whichever is less 


e Transverse extent: (inboard 
from the ship’s side at right an- 
gles to the centerline at the 
level of the summer load line 
assigned) 

e Vertical extent From the base line upwards 

without limits. 


(2) Bottom damage: 


Damage 


e Longitudinal ex- 
tent 


e Transverse 


e Vertical extent 
from the molded 
line of the shell 
at the centerline 


Note 1: 


At forward end, but 
not including dam- 
age aft of point 
0.3L aft of FPP 


1/8L?* or 14.5m, 
whichever is less 


B/6 or 10m, which- 
ever is less 
B/16 or 2m, which- 
ever is less 


1/3L? or 5m, whichever is less. 


(h) Offshore Supply Vessels (IMO Recommenda- 


tions) 


At any other longi- 
tudinal location 


L/10 or 5m which- 
ever is less (See 
Note 1) 

B/6 or 5m, which- 
ever is less 

B/16 or 2m, which- 
ever is less 


the IMO harmonization proposal would change this to 


The assumed extent of damage is as follows: 


e Longitudinal extent 


e Transverse extent 
e Vertical extent 


No provision 
760mm (80 in.) 
Full depth of ship 
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(i) Large Fishing Vessels (IMO Recommenda- 
tions). 
The assumed extent of damage is as follows: 
1/38L?3m (0.495 L?” in ft) 
B/5 


e Longitudinal extent 


e Transverse extent (inboard 
from the side at right angles 
to centerline at level of deepest 
operating WL) 


« Vertical extent From the baseline upward with- 


out limit 


@) U.S. Naval Vessels. 

The extent of damage assumed on U.S. naval vessels 
depends on the ship type and the ship size. On large 
combatant vessels with side protection systems such 
as aircraft carriers, the extent of damage is classified 
and is based on test data, war damage reports and 
design experience. 

New designs without side protection systems under 
91.5m (800 ft) in length are not required to meet a 
specified longitudinal extent of damage. New designs 
for vessels over 91.5m (300 ft) are required to with- 
stand flooding from damage equal to 15 percent of the 
vessel’s length if it is a combatant type or personnel 
carrier. All other types of vessels this size must with- 
stand flooding from damage equal to 12.5 percent of 
the vessel’s length. 

The transverse extent of damage for all ships with- 
out side protective systems is one-half the beam, but 
not including a centerline bulkhead. The vertical extent 
of damage is from the keel upward, except that if not 
flooding the inner bottom results in a worse condition, 
this is assumed. 

Special criteria are assigned to merchant vessels 
converted to naval auxiliaries, depending on the ship 
type. If primarily designed for the carriage of cargo, 
they must meet a two-compartment standard. Other 
vessels must withstand flooding from an opening in 
the shell of 12.5 percent of the ship’s length. 

7.4 location of Damage. 

(a) General. In all criteria the damage is assumed 
to take place anywhere within the ship’s length. How- 
ever, where all or portions of the ship are only required 
to meet a one-compartment standard of subdivision, 
the damage is assumed to take place between water- 
tight transverse bulkheads that are a distance apart 
equal] to or greater than the assumed longitudinal ex- 
tent of damage. Where a two-compartment standard 
of subdivision is required by the criterion the damage 
is assumed to be located anywhere throughout the 
ship’s length, or throughout the specified portion of 
the ship, including damage at any one of the main 
transverse watertight bulkheads within these areas. 
Where three-compartment damage is required, the 
damaged is presumed to be located so as to include 
two adjacent main watertight bulkheads. 

(b) U.S. Passenger Vessel Regulations (Coast 
Guard). If the factor of subdivision is above the value 
of 0.5, the vessel must meet a one-compartment stan- 
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dard and the location of damage is therefore anywhere 
in the vessel’s length, but not including a bulkhead. If 
the ship must meet a two, three or four-compartment 
standard, again the damage is assumed to occur any- 
where in the ship’s length, but to include damage to 
any one bulkhead or to any two or three adjacent 
bulkheads, respectively. 

For U.S. Passenger Vessels in Service Other than 
Ocean or Coastwise, or Under 150 Gross Tons in Ocean 
or Coastwise Service, but not on an International Voy- 
age, the factorial system of subdivision is not used; 
see 46 CFR 73.15. Instead, for passenger vessels other 
than automobile ferries, the requirements call for com- 
pliance with either a one-compartment or a two-com- 
partment standard of flooding, including stability, 
depending upon the number of passengers. All pas- 
senger vessels must meet a one-compartment standard 
throughout their length. Vessels carrying more than 
400 passengers must not submerge the margin line 
with the forepeak and one adjacent compartment 
flooded; vessels carrying more than 600 passengers 
are required to meet a two-compartment standard for- 
ward within at least a full 40 percent of their length; 
vessels carrying more than 800 passengers forward 
within at least a full 60 percent of their length; and 
vessels carrying more than 1000 passengers are re- 
quired to meet a two-compartment standard through- 
out their length. 

All ferry vessels under 46m (150 ft) in length must 
meet a one-compartment standard; all vessels over 46m 
(150 ft) in length must meet a one-compartment stan- 
dard and additionally be able to withstand flooding of 
the peak compartment and one adjacent compartment; 
and all ferry vessels over 61m (200 ft) in length must 
meet a two-compartment standard. 

(c) Oceanographic Ships and Dry Cargo Ships. 
Damage can occur anywhere in the vessel’s length, 
but is assumed to occur between main transverse bulk- 
heads. 


(a) Tankers. The location of damage in tankers 
over 225 meters (782 ft) in length is anywhere in the 
vessel’s length. Thus, the vessel has to meet at least 
a two-compartment subdivision standard. 

For tankers between 150 meters (492 ft), but not 
exceeding 225 meters (738 ft) in length, the damage 
location is anywhere in the vessel’s length outside of 
the machinery space. It is assumed not to occur on 
either the forward or after machinery space bulkhead. 
Therefore, the machinery space compartment has to 
meet only a one-compartment standard of subdivision, 
but all of the other spaces have to meet a two-com- 
partment standard. For tankers not exceeding 150 me- 
ters (492 ft) in length, damage is assumed to occur 
anywhere in the ship’s length between adjacent trans- 
verse bulkheads with the exception of the machinery 
space. Thus the vessel has to meet the one-compart- 
ment standard in compartments outside of the ma- 
chinery space, but does not have to survive damage 
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oceurring between the machinery space bulkheads. 

Since the Maritime Administration requires a one- 
compartment standard on all vessels under its juris- 
diction, its requirements exceed the U.S. Coast Guard 
on tankers under 150 meters (492 ft) in length in that 
the machinery space must be capable of being flooded. 

(e) Bulk Chemical Carriers and Liquefied Nat- 
ural Gas Carriers. Vessels in these categories are 
broken down into sub-classes, based on the severity 
of the hazard to the crew and to the environment if a 
compartment is flooded. The damage assumptions for 
each class vary widely from minimum location between 
transverse bulkheads to locations at single or multiple 
combinations of bulkheads. The reader is advised to 
check the detailed regulations applying to the partic- 
ular class of ship for the exact requirements for that 
particular class. 

() Large Fishing Vessels and Offshore Supply 
Vessels. Damage is assumed to occur anywhere in the 
vessel’s length, but only between transverse bulk- 
heads. 

(9) Naval Vessels. On vessels with side protective 
systems the damage is assumed to occur at any place 
in the ship’s length. Other vessels under 30.5m (100 
ft) in length must withstand damage anywhere be- 
tween watertight bulkheads or meet a one-compart- 
ment standard. Other vessels between 30.5m (100 ft) 
and 91.5m (300 ft) in length must withstand damage 
anywhere in the ship’s hull, including one watertight 
bulkhead or meet a two-compartment standard. 

Vessels over 91.5m (300 ft) must withstand dam- 
age of the extent given in 7.3 (10), anywhere in the 
vessel’s length. 


7.5 Damage Survival. 

(a) Operating Drafts. The calculations for flood- 
able length under the traditional passenger vessel reg- 
ulations are performed at the subdivision draft only. 
This is logical because the effect of sinkage and trim, 
and the probability of submerging the margin line due 
to sinkage and trim, is much greater in the fully loaded 
condition. In calculating damaged stability, however, 
the benefits of increased freeboard at light draft can 
be offset by changes in KG in the various operating 
conditions. Therefore, to insure that the worst oper- 
ating condition is covered, all other criteria call for the 
vessel to meet the damage survival requirement at the 
full range of operating drafts and trims. The detailed 
regulations for each case should be checked for the 
conditions specified. 

(ob) U.S. Passenger Ship Regulations. After dam- 
age, the vessel must meet the following survival con- 
ditions: 

1. Margin Line. In the final flooded condition, the 
margin line must not be submerged at any place in 
the ship’s length. 

2. Metacentric height. In the final flooded condition 
there should be a positive residual metacentric height 
of at least 0.05 m (2 in.). 
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3. Heel must not exceed specified limits. The pres- 
ent regulations concerning limits of permissible heel 
deliberately incorporate some flexibility. Consideration 
of the factors affecting the relationship of heel to risk 
provides some guidance as to their application and 
explains why they leave, in some cases, latitude for 
administrative interpretation. The considerations in- 
volved in dealing with heel may be grouped as follows: 


@ The effect of heel on the safe movement and con- 
trol of persons on board the vessel, on the risk of 
shifting of weights, and on the ability to Iaunch life- 
boats; 

e The risk relative to flooding through side or deck 
openings; 

e The relationship of heel to the range of stability 
and the angle and value of the maximum righting arm; 

e@ The degree of accuracy with which the heel can 
be estimated. 


It can be seen that consideration of heel is a complex 
matter, involving at this stage of knowledge, some 
exercise of judgment within the limits prescribed by 
the Rules, which are as follows: 

For unsymmetrical flooding with assumed side dam- 
age not more than 3m (10 ft) plus 0.03Z, the remaining 
heel due to unsymmetrical moment, after equalization, 
shall not exceed 7 deg. However, where equalization 
is fully automatic and by open cross connections of 
large area, or where no equalization is involved, and 
in any case, the range of stability in the damaged 
condition is considered adequate, a greater heel up to 
but not in excess of 15 deg may be allowed. (The first 
part of this regulation refers basically to the case 
where a part of the unsymmetrical flooding is equal- 
ized through manually operated cross connections. In 
such case, the risk of delay or improper operation of 
these connections is the basis for the 7-deg limit. The 
relaxation permitted by the second part of the regu- 
lation is on the basis that there is no risk of malfunction 
of cross-connections and is on the further basis that 
damaged-condition range of stability and maximum 
righting arm are sufficient for the greater heel.) 

Where the assumed side damage is more than 8m 
(10 ft) plus 0.03Z, the final heel due to unsymmetrical 
moment, after equalization, may be 15 deg, unless an 
insufficiency of righting arms would be cause for lim- 
iting the heel to a lesser value. 

4. Residual Righting Arm. While a range of resid- 
ual righting arm is not specified in these regulations, 
the regulations state that the range should be exam- 
ined and the cognizant administration satisfied that 
they are adequate. This was traditionally done by ap- 
proximate methods. At the present time an accurately 
calculated residual righting arm is generally required. 

(co) Oceanographic Ships. Damage to any one com- 
partment must not submerge the margin line. 

(qd) Cargo Ships. For ships under its jurisdiction 
the Maritime Administration requires, after damage, 
the following survival conditions: 
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1. The equilibrium heel angle 6, must be less than 
15 deg. 

2. Downflooding points must not be submerged at 
6,, unless fitted with watertight closing appliances, 
which then must remain shut at sea and be so logged. 

3. The margin line must not be submerged at 0, 
unless it can be clearly shown that downflooding will 
not occur. 

4, There must be a range of positive stability of at 
least 20 deg beyond the equilibrium heel angle and no 
downflooding openings may be within this 20 deg 
range unless they are fitted with watertight closing 
appliances. 

5. The maximum residual righting arm, within the 
20 deg range, must be last least 0.1m (4 in.). 

6. For cases of symmetrical damage, the vessel 
must have 0.05 meters (2 in.) of positive GM in the 
upright condition after damage. 

(e) Tankers (MARPOL, 19738). Oil tankers shall be 
regarded as complying with the criteria if the following 
survival requirements are met: 

1. The final waterline, taking into account sinkage, 
heel and trim, shall be below the lower edge of any 
opening through which progressive flooding may take 
place. Such openings shall include air pipes and those 
which are closed by means of weathertight doors or 
hatch covers and may exclude those openings closed 
by means of watertight manhole covers and flush scut- 
tles, small watertight cargo tank hatch covers which 
maintain the high integrity of the deck, remotely op- 
erated watertight sliding doors, and side scuttles of 
the non-opening type. 

2. The angle of heel due to unsymmetrical flooding 
shall not exceed 25 deg in the final stage of flooding, 
provided that this angle may be increased up to 30 deg 
if no deck edge immersion occurs. 

3. The righting lever curve for acceptable stability 
in the final stage of flooding must have a range of at 
least 20 deg beyond the position of equilibrium in as- 
sociation with a maximum residual righting lever of 
at least 0.1 m (4 in.), For the calculations required in 
this section, weathertight openings or openings fitted 
with automatic closures (e.g. a pressure, vacuum relief 
valve or a vent fitted with a ball-check valve), need not 
be considered as points of downflooding within the 
range of residual stability, but other openings must 
be included in the calculations. 

Q Bulk Chemical Carriers. A bulk chemical car- 
rier is presumed to survive if it meets the following 
conditions: 

1. Heel Angle. Except as indicated below, in the final 
condition of flooding the angle of heel must not exceed 
15 deg (17 deg if no part of the freeboard deck is 
immersed). 

The cognizant Administration should consider on a 
case-by-case basis vessels 150 m or less in length hav- 
ing heel angles greater than 17 deg, but less than 25 
deg. 

2. Final Waterline. The final waterline, taking into 
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account sinkage, heel, and trim, must be below the 
lower edge of openings such as air pipes and openings 
closed by weathertight doors or hatch covers. The fol- 
lowing types of openings may be submerged when the 
tankship is at the final waterline: 

@ Openings covered by watertight manhole covers 
or watertight flush scuttles. 

e@ Small watertight cargo tank hatch covers. 

e Remotely operated watertight sliding doors. 

@ Side scuttles of the non-opening type. 

3. Range of Stability. Through an angle of 20 deg 
beyond its position of equilibrium after flooding, a 
tankship must meet the following conditions: 

e The righting lever curve must be positive. 

@ The maximum of the righting lever curve must 
be at least 10 cm (approx. 4 in.). 

e Each submerged opening must be weathertight. 

4. Metacentric Height. After flooding, the tank- 
ship’s metacentric height must be at least 5cm (approx. 
2 in.) when the ship is in the upright position. 

(9) Liquefied Natural Gas Carriers. A vessel is 
presumed to survive assumed damage if it meets the 
following conditions in the final stage of flooding: 

1. Heel Angle. The maximum angle of heel must 
not exceed 30 deg. 

2. Final Waterline. The waterline, taking into ac- 
count sinkage, heel and trim, must be below the lower 
edge of openings such as air pipes and openings closed 
by weathertight doors or hatch covers, except open- 
ings closed by means of watertight manhole covers 
and watertight flush scuttles, small watertight cargo 
tank hatch covers that maintain the high integrity of 
the deck, remotely operated watertight sliding doors, 
and side scuttles of the non-opening type. 

3. Range of Stability. 

@ The righting lever curve must be positive and 
have a minimum range of 20 deg beyond the angle of 
equilibrium. 

e The maximum righting lever within the above 
range must be at least 100 mm (4 in.). 

e@ Each opening within the 20 deg range beyond the 
angle of equilibrium must be at least weathertight. 

4, Metacentric Height. After flooding the vessel’s 
metacentric height must be at least 50 mm (2 in.) when 
the vessel is in the upright position. 

(h) Offshore Supply Vessels must meet the follow- 
ing survival requirements: 

1. The final waterline, taking into account sinkage, 
heel and trim, should be below the lower edge of any 
opening through which progressive flooding may take 
place. Such openings include air pipes and those which 
are capable of being closed by means of weathertight 
doors or hatch covers and may exclude those openings 
closed by means of watertight manhole covers and 
flush scuttles, small watertight cargo tank hatch cov- 
ers which maintain the high integrity of the deck, re- 
motely operated watertight sliding doors, and side 
scuttles of the non-opening type. 

2. The angle of heel due to unsymmetrical flooding 
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should not exceed 15 deg in the final stage of flooding. 
This angle may be increased up to 17 deg if no deck 
immersion occurs. 

3. The stability in the final stage of flooding should 
be investigated and may be regarded as sufficient if 
the righting lever curve has at least a range of 20 deg 
beyond the position of equilibrium in association with 
a maximum residual righting lever of at least 0.1 m 
(4 in.) within this range. Unprotected openings should 
not become immersed at an angle of heel within the 
prescribed minimum range of residual stability unless 
the space in question has been included as a floodable 
space in calculations for damage stability. Within this 
range, immersion of all the openings listed in (a) need 
not be considered as downflooding points providing air 
pipes are fitted with ball-check valves. 

(i) Large Fishing Vessels. The vessel is considered 
to survive the conditions of damage provided the vessel 
remains afloat in a condition of stable equilibrium and 
satisfies the following stability criteria: 

1. The stability in the final condition of flooding may 
be regarded as sufficient if the righting lever curve 
has a minimum range of 20 deg beyond the position 
of equilibrium in association with a residual righting 
lever of at least 0.1 m (4 in.). The area under the 
righting lever curve within this range should be not 
less than 0.0175 meter-radians (3.25 deg-ft). Consid- 
eration should be given to the potential hazard pre- 
sented by protected or unprotected openings which 
may become temporarily immersed within the range 
of residual stability. The unflooded volume of the poop 
superstructure around the machinery space casing, 
provided the machinery casing is watertight at this 
level, may be taken into consideration in which the 
case the damage waterline should not be above the 
after end of the top of the poop superstructure deck 
at the centerline. 

2. The angle of heel in the final condition of flooding 
should not exceed 20 deg. 

3. The initial metacentric height of the damaged 
vessel in the final condition of flooding for the upright 
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position should be positive and not less than 5 cm (2 
in.). 


G) U.S. Naval Vessels. On vessels with side pro- 
tective systems the emphasis of damage survival is to 
maintain the vessel after damage at a static heel (at 
GZ = 0) not to exceed 15 deg, which is the limiting 
angle at which all machinery and equipment is de- 
signed to operate, with a 20 deg list the maximum, 
since it is assumed that a vessel with such a list can 
be safely towed back to port. Naval design and op- 
erational procedures also require that arrangements 
be provided for rapidly correcting list to less than 5° 
by counterflooding from the sea, assuming that pump- 
ing equipment is operational. 

On all vessels the degree of list or trim after damage 
must be such that the margin line (7.5 em, or 3-in. 
below the bulkhead deck) is not submerged. This, as 
in all criteria, assumes a level, calm sea. The Navy, in 
addition, has certain minimum criteria for survival un- 
der specified wind and wave forces, which may involve 
submerging the margin line. 

The stability after damage is considered adequate 
if the areas A, and A, on Fig. 38 have the relationship 
A,/A, > 1.4. The point ¢ is the angle of down flooding 
or 45 deg whichever is less. Point C is the initial static 
angle of heel after damage. 

The angle @, is the expected roll angle due to wind 
and waves. The righting arm curve is reduced by an 
amount equal to 0.05 cosine @ to account for unknown 
unsymmetrical flooding or transverse shift of loose 
material. Values of the constant for calculating the 
wind heel curve and the amplitude of the rolling angle 
o, are given in DDS-079-1. (See Chapter I1). 


(k) Residual GM and Residual Righting Arms. It 
will be noted that the passenger vessel criteria, in- 
cluding those in the alternate equivalent regulations, 
call for a minimum residual for survival after 
damage. All other international criteria—such as the 
International Regulations recently adopted for tank- 
ers, bulk chemical carriers, liquefied natural gas car- 
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ANGLE OF INCLINATION 
20°- minimum range of residual righting arm 


the angle of downflooding 
must be beyond this point 
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minimum GZ= 100 mm (4 in) 


ZW 


Fig. 39 Typical standards for required residual righting arms 


riers, offshore supply vessels and large fishing 
vessels—specify minimum amplitude and range of 
righting arm for survival. The U.S. Coast Guard reg- 
ulations additionally include minimum GM require- 
ments for chemical and liquefied gas carriers. 

Typical standards for the residual righting arm 
curve are shown on Fig. 39. Naval architects have long 
considered righting arm amplitude and range to be the 
best indices of stability. Nevertheless, for purposes of 
simplicity, the requirements for passenger ships laid 
down in the Regulations of the 1960 and 1974 Inter- 
national Conventions for Safety of Life at Sea, only 
called for minimum residual GW’s and freeboards (both 
very small). 

7.6 Special Requirements. 

(a) Passenger Vessels—Traditional Factorial 
Standards. As previously stated, the factorial system 
of subdivision was intended to take into account the 
relative importance of the cargo and passenger carry- 
ing functions of a vessel. The intent was that vessels 
having a large volume of space below the margin line 
allocated to passengers and a greater total number of 
passengers on board, would require a greater degree 
of safety than a similar vessel with the entire volume 
of space under the margin line devoted to cargo and 
with fewer total passengers on board. They therefore 
devised two formulas to take these variations into ac- 
count. The first is the Criterion of Service, and the 
second the Factor of Subdivision. 

The formula for Criterion of Service uses length, 
number of passengers, total volume of the ship below 
the margin line, volume of the machinery space, and 
volume of the accommodation spaces below the margin 


line and combines them so that the lower the value of 
the criterion of service, the farther apart the water- 
tight bulkheads may be spaced. 

The formula for Factor of Subdivision uses factors 
of length and the Criterion of Service, and the result 
is a percentage running from 30 to 100 percent (0.3 to 
1.0). This Factor of Subdivision establishes the per- 
missible length between watertight bulkheads. A fac- 
tor of 1.0 means the bulkheads may be spaced apart 
a distance equal to 100 percent of the floodable length. 
A factor of 0.8 means the spacing can only be 30 
percent of the floodable length. For methods of deter- 
mining the criterion of service and factor of subdivision 
and the special provision required in their application, 
the reader is referred to the U.S. Regulations which 
vary slightly and are more severe than the require- 
ments of the SOLAS Conventions (46 CFR 73.10, 74.10- 
15). 

(b) Permeabilities. Before the effects of flooding 
can.be calculated, definite values for the permeabilities 
of the spaces involved must be assumed. The actual 
permeabilities in service are not accurately assessed 
and, in the case of cargo spaces, vary from space to 
space and from voyage to voyage. Consequently, all 
calculations of the affect of flooding based on the as- 
sumed permeabilities are unavoidably only approxi- 
mations. 

All criteria, with the exception of the traditional reg- 
ulations for subdivision (not damaged stability) of pas- 
senger vessels on international voyages, and the 
regulation for permeability of cargo spaces for off- 
shore supply vessels, assume a permeability for indi- 
vidual spaces as given in Table 5. 
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Table 5—-Assumed Permeabilities 
Permeability 

Percent 

Appropriated to cargo hold or stores 60 

Appropriated to accommodation and voids 95 

Appropriated to machinery 85 

Appropriated for consumable liquids (using 

the value resulting in the most severe re- 

quirement) 0 to 95 

Appropriated for liquid cargo tanks 0 or 95 


The two table values of permeability for consumable 
liquid and liquid cargo tanks were put in for a specific 
reason. In vessels with high side tanks extending well 
above the waterline, for example, the stability effect 
of run off from initially full tanks (zero permeability), 
may be worse than that due to the ingress of damage 
water if the tanks are initially empty, i.e., (95 perme- 
ability). It is particularly important to investigate the 
stability effect of tanks having either zero or 95 perm- 
ability during the period between initial damage and 
the final equalization. See Section 4.8. For example, 
transverse pairs of side tanks located outboard, port 
and starboard, which are interconnected by equalizing 
ducts and in which the tops of the tanks are below the 
waterline, can cause a large GM loss due to free sur- 
face during the time the tanks are being filled from 
the sea. This could conceivably cause the vessel to 
capsize before the tanks are filled and equalized. 

In all cases where spaces between main transverse 
watertight bulkheads are occupied by spaces having 
different permabilities, an average permeability is used 
based on the percentage of the total space occupied 
by each category or permeability. 

On offshore supply vessels the permeability of dry 
cargo spaces is assumed to be 95. 

Volume and surface permeabilities are normally re- 
quired to be the same. However, most criteria make 
a general statement that higher surface permeabilities 
should be assumed in respect of spaces which, in the 
vicinity of the damaged waterplane, contain no sub- 
stantial quantity of accommodation or machinery, and 
spaces which are not generally occupied by any amount 
of cargo or stores. The maximum assumed surface 
permeability need not exceed 95. 

All regulations, with the exception of the alternate 
equivalent passenger vessel regulations (Section 8) are 
silent on the matter of varying permeabilities at vary- 
ing drafts. The Maritime Administration does, how- 
ever, state that the permeabilities given in this section 
are average permeabilities and that the permeabilities 
should be routinely chosen so as to agree with the 
vessel’s operating condition. For example, if the vessel 
has a cargo hold essentially empty in a light condition, 
they recommend a permeability of 95 rather than 60. 

The regulations for bulk chemical and liquefied gas 
carriers both state that it shall be assumed that all 
liquids that are in a tank prior to damage have been 
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completely replaced by salt water after damage. Other 
regulations are silent on this point, though the sub- 
stitution seems to be implied. The tanker regulation 
makes the statement that the permeability of partially 
filled compartments shall be consistent with the 
amount of liquid carried. 

While all regulations for damaged stability call for 
an investigation at a range of operating drafts, only 
the new equivalent passenger vessel regulations 
makes a provision for varying the permeability of 
cargo spaces depending upon the draft. See Section 8. 

For some time, it has been suspected that contain- 
erships, roll-on roll-off ships and barge-carrying ships 
have higher permeabilities in their cargo holds than 
traditional bulk cargo ships. In two recent studies 
sponsored by the Coast Guard and performed by the 
Maritime Administration, containerships had average 
permeabilities of 75, with a value forward of 80, a 
value amidship of 70, and a value aft of 75. The as- 
sumption was made that the containers were nontight 
and their interiors were flooded. The differences in 
values can be accounted for by the flare of the hulls 
forward and aft, with a greater percentage of the 
width of the holds not being occupied by containers. 

On roll-on, roll-off ships with containers stacked on 
deck the permeabilities were 80 and with the containers 
rolled on and left on a chassis the permeability was 
90. On the barge-carrying ships the cargo holds with 
barges assumed to be watertight, had a permeability 
of only 30, but with the barges not assumed to be 
watertight, the permeability of the space was 76. 

No changes in U.S. regulations or international 
agreements have as yet resulted from the above stud- 
ies. However, the Maritime Administration adopted a 
standard of 70 for container holds and for Ro-Ro ships 
a value of 80 for containers stowed on deck and 90 for 
containers on wheels. 

The permeability of all spaces and particularly that 
of cargo spaces tends to be higher in the upper parts 
of the spaces. In accommodation and machinery 
spaces, this variation may not be enough to affect se- 
riously the validity of calculations based on a uniform 
value. However, in cargo spaces, calculations based on 
a uniform value may grossly underestimate the GM 
loss. 

Because of the variety in general cargo loadings, it 
is impracticable to attempt to account accurately for 
these variations. However, vertical variations in the 
permeability of cargo spaces may be compensated for 
aces by assuming, when calculating the available 

, that the cargo is at the homogeneous center even 
when actually it may be only in the lower part of the 
spire. In this way, underestimating the available intact 

tends to compensate for the underestimate in the 
GM loss due to disregarding the actual cargo distri- 
bution. 

In determining the floodable length of passenger 
vessels on international voyages, a uniform average 
permeability is used throughout the whole length of 
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SS ee LESS THAN LONGITUDINAL EXTENT OF DAMAGE 


BULKHEAD 4 CONSIDERED EFFECTIVE FOR FLOODING 


TO THE RIGHT THEREOF 


BULKHEAD 5 CONSIDERED EFFECTIVE FOR FLOODING 


TO THE LEFT THEREOF 


DAMAGE RESULTING IN ANY FLOODING BETWEEN BULKHEADS 4 & 5 
{S ASSUMED TO INVOLVE AT LEAST EITHER BULKHEAD 4 OR 5 


FLOODING BETWEEN BULKHEADS 3 AND 6 iS CONSIDERED AS 
TWO COMPARTMENT FLOODING 


Fig. 40 Minimum spacing of bulkheads 


each of the following portions of the vessel below the 
margin line: 

1. The machinery space. 

2. The portion forward of the machinery space. 

3. The portion aft of the machinery space. 

Formulas are given in the U.S. and SOLAS Regu- 
lations for determining the permeability in each of 
these areas. The assumption that permeabilities are 
uniform in each is illogical and unnecessary. More ac- 
curate results can be achieved readily by calculating 
the individual average permeability of each compart- 
ment. 

(c) Minimum Spacing of Bulkheads. All criteria 
call for a minimum spacing of main transverse water- 
tight bulkheads if two adjacent bulkheads are to be 
considered intact with the exception of the Regulations 
for Offshore Supply Vessels. This minimum distance 
is equal to the longitudinal extent of damage specified 
for the particular class of vessel. Since, for reasons of 
practicality, offshore supply vessels are only required 
to survive a collision which has a penetration of 760 
mm (30 in.) it was evidently not felt necessary to put 
a minimum spacing on these vessels. 

The method of handling bulkheads which are spaced 
closer together than the longitudinal extent of damage 
is illustrated in Fig. 40. 

In U.S. passenger ship regulations the combined 
length of the forepeak compartment and the com- 
partment just abaft the forepeak compartment in ves- 
sels over 100 m (330 ft) in length is required to be not 
greater than the permissible length. This causes dif- 
ficulties in vessels that must meet a two or three- 
compartment standard, in that the after-most bulkhead 
is located so close to the forepeak bulkhead that the 
distance between them cannot comply with the re- 
quirement for the minimum spacing of bulkheads to 
be greater than the longitudinal extent of damage. 


This problem is corrected in the new Alternate Equiv- 
alent Passenger Vessel Regulations. (See Section 8.5). 
(d) Recessed Bulkheads. In general, all criteria do 
not permit recessed bulkheads unless the entire recess 
is located inboard of the side of the vessel at a distance 
not less than the assumed transverse extent of dam- 
age. Fig. 41 shows permissible recessed bulkheads. 

In offshore supply vessels where bulkheads in side 
tanks need to be extended only 760mm (80 in.) in from 
the shell, bulkheads recessed inboard of that point can 
be considered as main transverse watertight bulk- 
heads. A bulkhead inboard of the side tank may be 
stepped, but the double bottom tank extending be- 
tween the inboard transverse bulkhead and the out- 
board bulkhead must have its volume added to the 
volume of the outboard compartment. 

It frequently is not recognized that a shaft alley 
may constitute a recess. If all parts of a shaft alley 
are inboard of the aforesaid one-fifth beam line, it may 
be regarded as providing intact buoyancy. However, 
if within a portion of its length a shaft alley is nearer 
to a vessel’s side it should be regarded as liable to be 
damaged within that part of its length. In such case, 
it will flood for its entire length and therefore should 
be regarded as constituting a recess into the full length 
of the adjoining compartment or compartments which 
it penetrates. 

(e) Stepped Bulkheads. From the viewpoint of 
safety it is desirable for bulkheads to be fabricated in 
a single plane. Steps increase the likelihood that a 
bulkhead may be damaged. Also the watertight por- 
tions of decks required by steps are liable to have their 
integrity violated by nontight penetrations made dur- 
ing the life of the vessel. This is because such portions 
of decks are liable not to be recognized as part of a 
vessel’s watertight subdivision when such alterations 
are made. For this reason, it is important that the 


192 PRINCIPLES OF NAVAL ARCHITECTURE 


TO BE NOT LESS THAN ONE-FIFTH MIDSHIP BREADTH 


SECTION AT A-6 


TO BE NOT LESS THAN ONE-FIFTH MIDSHIP BREADTH 


RECESS 


€ OF SHIP 


wW.T.B. 


\ - 
TO BE NOT LESS THAN ONE-FIFTH MIDSHIP BREADTH 
\ 


PLAN AT L.W.L. 
Fig. 41 Recessed bulkheads 


aa 
7 
PN 


Fig. 42 Stepped bulkheads 


Fig. 43. Equivalent plane bulkhead 


Bulkhead AB is recessed or stepped as shown. The location of the 

equivalent plane bulkhead is given by X = Volume EFGH/area A, 

where A is the sectional area to the margin line approximately 
midway between AB and CD 


extent of any watertight steps be clearly indicated on 
a plan carried on the vessel. 

U.S. Passenger Vessel Rules permit a main trans- 
verse bulkhead to be stepped under certain conditions. 
See 46 CFR 78.10, 74.10-15. 

1. The combined length of the two compartments, 
separated by the bulkhead in question, does not exceed 
either 90 percent of the floodable length or twice the 
permissible length, except that in ships having a factor 
of subdivision greater than 0.9, the combined length 
of the two compartments in question shall not exceed 
the permissible length; or 

2. Additional subdivision is provided in way of the 
step to maintain the same measure of safety as that 
secured by a plane bulkhead, Fig. 42; or 

3. Length of the compartment over which the step 
extends does not exceed the permissible length cor- 
responding to a margin line taken 7.5 cm (3 in.) below 
the step. 

Where a bulkhead is stepped or recessed, an equiv- 
alent plane bulkhead (or bulkheads) is used. The usual 
case is illustrated in Fig. 48. Where additional subdi- 
vision is provided in way of the step, such as by step- 
ping the bulkhead both ways, the appropriate 
equivalent plane bulkheads are as illustrated in Fig. 
42 


Where the distance between equivalent plane bulk- 
heads or that between transverse planes passing 
through the nearest portions of stepped bulkheads is 
less than the assumed longitudinal extent of damage, 
the bulkheads concerned are dealt with the same as 
are plane bulkheads at less than this spacing, as il- 
lustrated in Fig. 40. 

When a main transverse watertight compartment 
contains local subdivision, and it can be shown that, 
after any assumed side damage of the required trans- 
verse and longitudinal extent, the whole volume of the 
main compartment will not be flooded, a proportionate 
allowance may be made in the permissible length other- 
wise required for the compartment by the passenger 
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vessel factorial standards. The manner of allowing for 
these unflooded spaces is shown in Fig. 44. In the 
integer compartmentation standards there are ob- 
viously no reductions allowed in the minimum spacing 
of bulkheads and the intact buoyancy is taken care of 
by corrections to the volumes and centers of the lost 
buoyancy or mass and centers of the added weight. 

() Independent Tanks, Bulk Chemical and Li- 
quefied Gas Carriers. Detail requirements for the lo- 
cation of independent tanks in these classes of vessels 
with respect to distance from the ship’s side or from 
the bottom are given in the U.S. Coast Guard Regu- 
lations and should be carefully checked by designers. 

(g) Internal Non-watertight Compartmentation. 
Where interna] divisions, particularly longitudinal 
bulkheads, are non-watertight, but are so constructed 
as to permit water only to leak through slowly when 
a space adjacent to the bulkhead is flooded, then the 
heeling moment of the water must be accounted for. 
A large mass of water may be retained on one side of 
the bulkhead for a considerable length of time before 
equalization on both sides of the bulkhead takes place. 

Examples of such bulkheads are steel structural 
bulkheads built to A-O fire classification standards 
with metal joiner doors, and steel insulated bulkheads 
in refrigerated spaces. So called “flooding plugs” de- 
signed to blowout at a nominal low head are often 
installed in such bulkheads, but are not looked upon 
with favor because there may be sticking due to rust 
or excess paint and can often be blocked from opening 
by cargo carelessly stowed against them. 

The vessel must have sufficient residual stability 
after damage that the heeling moments resulting from 
such bulkheads will not capsize the ship or reduce its 
survival capability below the criteria requirements 
during the time that equalization takes place. 

(h) Superstructures. The many standards for 
damaged stability have never been completely con- 
” sistent regarding the effect of superstructures on re- 
sidual stability of damaged vessels. It is agreed and 
generally accepted that a superstructure directly over 
the location of collision damage can also be opened to 
the sea by the damage and its buoyancy in that area 
must be neglected in calculating righting moments. 
However, the use of terminology and practice from 
the load line conventions confuses the issues, i.e., the 
requirement that houses have a certain required deck 
height to be considered effective. Al/ enclosures above 
the bulkhead deck, whether they are trunks or enclo- 
sures at the sides or center, only are effective if their 
buoyancy is maintained intact by watertight structures 
and watertight closures (weathertight if they are not 
submerged at the equilibrium waterline and come into 
effect only in the residual range of stability). Common 
sense in including only the buoyancy of those struc- 
tures that are demonstrably effective in providing 
buoyancy moments in a heeled condition should be, 
and generally is, the basic criterion used by the com- 
petent naval architect. 
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Fig. 44 Correction for internal buoyancy 


() Unsymmetrical Flooding is required to be kept 
to a minimum consistent with efficient arrangements. 
On passenger vessels on international voyages, where 
it is necessary to correct large angles of heel, the 
means adopted are required, where practicable, to be 
self-acting, but in any case, where controls to cross- 
flooding fittings are provided, they must be operable 
from above the bulkhead deck. The construction and 
arrangement of such fittings and of their controls, 
together with the estimated maximum heel before 
equalization, are subject to special approval. The time 
for equalization to acceptable heel limits, as given by 
the Solda equation (Section 4.8), is not permitted to be 
more than 15 min. On al] other vessels, the equalizing 
arrangements, where required, must not depend upon 
either manual or automatic operation of valves or sim- 
ilar appliances. (Note that in Section 8 the equalization 
time for the alternate equivalent subdivision regula- 
tions is reduced to 10 min.). 

Even though means for equalizing unsymmetrical 
intact buoyancy or for flooding of unfavorable sym- 
metrical intact buoyancy are provided, it is important 
to consider the intermediate condition of the ship after 
damage, but prior to completion of final flooding. With 
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the exception of those cases where the use of large 
unobstructed openings such as open passages or cof- 
ferdams is possible, it must be assumed that the ship 
will experience a transient condition during which pri- 
mary flooding becomes essentially complete before 
equalization has occurred. 

Survival of this transient condition requires: (a) that 
the static heel be not so great as to eliminate the 
hydrostatic head necessary for compensatory flooding; 
(6) that the static heel be not so great as to result in 
the progressive extension of the flooding (submer- 
gence of the margin line during an intermediate stage 
of flooding is permissible provided there is sufficient 
watertight integrity above the margin line to insure 
that progressive extension of flooding will not occur); 
and (c) that the range of stability in the transient con- 
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dition be sufficient for the vessel to survive the com- 
pensatory period. 

Where compensatory flooding or equalization is nec- 
essary, calculations should be made to ascertain that 
requirements (a) and (b) are met. Unless transient con- 
dition GM and freeboard are large enough obviously 
to provide a sufficient range of stability, (c) should also 
be checked by calculation of righting arms in the tran- 
sient damaged condition. 

G) Dump Valves. Where flume stabilizer tanks or 
swimming pools are fitted with dump or flooding valves 
and it is desired to credit these valves in determining 
the final stage of flooding, the maximum time for all 
required equalization action plus such dumping or 
flooding must not be more than 15 min. (10 min. in 
equivalent passenger vessel regulations). 


Section 8 
Alternate Equivalent Passenger Vessel Regulations 


8.1 General. The loss of the Andrea Doria in 1956 
not only caused a complete discrediting of the theory 
that tanks designed for the carriage of bunker oil could 
or would be filled with ballast water to meet damaged 
stability requirements, but it caused a new critical look 
to be taken at all of the assumptions implicit in the 
standards for subdivision and damage stability con- 
tained in the existing international passenger vessel 
regulations. 

Among the weaknesses found in the then existing 
standards, were: 

(a) The formulas for Criterion of Service involving 
the relationship between the volume of different spaces 
within the ship’s hull were out of date. Improvements 
in design had permitted higher power within less vol- 
ume in the machinery spaces, and modern require- 
ments for more spacious accommodations resulted in 
more passenger space above the bulkhead deck. The 
safety standard applied to ships primarily carrying 
passengers had therefore depreciated. 

(b) The existing regulations did not take into ac- 
count the fact that for any given bulkhead arrange- 
ment quite different extents of flooding could occur as 
a result of varying assumed damage lengths. 

(c) The method employed in the existing regula- 
tions did not take into full account the effect of ship 
proportions, of varying drafts and permeabilities, or 
of stability when flooded, on the degree of safety. Two 
vessels might be judged equally safe although they 
might have very different actual capabilities to survive. 

The realization of these and other weaknesses dur- 
ing the 1960 SOLAS Conference gave impetus to the 
consideration by IMCO of possible new regulations 
based on probability principles. 


As explained by Robertson, et al (1974), casualty 
data regarding hull damages were collected and ana- 
lyzed. Voyage data relative to loading conditions, 
draft, operating GM, etc., were also sought and ana- 
lyzed. Model tests simulating damaged ships in a sea- 
way were conducted. In 1967 an ad hoc group was 
assigned to prepare new regulations based upon these 
studies. Several different forms of regulations were 
considered. In 1971, after extensive study of possible 
regulations, principally involving separate floodable 
length and damage stability calculations, a revised for- 
mat based directly on use only of damage stability 
calculations was submitted. This formed the basis for 
the new regulations as now adopted. See Appendix 1 
of Robertson, et al (1974). 

While these new regulations are administratively 
equivalent and alternative to those of Chapter II of 
the 1960 International Convention for the Safety of 
Life at Sea, and provide on the average about the same 
degree of safety, they are considered vastly superior 
thereto from the viewpoint of logic and consistency. 
Calling the new provisions “equivalent” permits a pe- 
riod during which administrations may assess and gain 
familiarity with them prior to adoption by the formal 
ratification and amendment procedures of the Safety 
of Life at Sea Convention. 

8.2 Basis of the new regulations. Fundamentally, 
three probabilities relate to subdivision and damage 
stability requirements: 

(a) Probability that a ship may be damaged. 

(6) If the ship is damaged, the probability as to 
location and extent of flooding. 

(c) Probability that the ship may survive such flood- 
ing. 
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The probability that a ship may be damaged is rel- 
evant to the required degree of ability to survive dam- 
age and to the determination of insurance pre- 
miums. It is conditional upon navigational conditions, 
traffic density, visibility, effectiveness and reliability 
of navigational aids, ship speeds and maneuvering ca- 
pabilities, and the judgment, competence and depend- 
ability of personnel involved. 

From the purely theoretical viewpoint, evaluation of 
the effect of each of these factors would permit de- 
termination of probability of loss for each ship, or at 
least for each class of ship. Practically, the available 
statistical and other necessary information is not suf- 
ficient for this purpose. However, some useful deduc- 
tions are possible. Examination of casualty data 
confirms that damages due to collisions (and strand- 
ings) are more prevalent in harbor approach areas and 
areas of especially high traffic density such as the 
English Channel. Ships whose operation is principally 
or exclusively in such areas are more likely to be dam- 
aged. Passenger ships in this category tend to carry 
a higher density of persons than ships on longer voy- 
ages outside such waters. In the new regulations, the 
required degree of safety is dependent principally upon 
the number of persons, and is increased when the den- 
sity is such that all persons cannot be accommodated 
in lifeboats. 

So long as a ship remains undamaged, there is no 
need whatsoever for any subdivision or damage sta- 
bility. The need for evaluation of subdivision and dam- 
age stability stems from the knowledge that risk of 
damage does exist, and this leads to consideration of 
probabilities 2 and 3. 

Probability 2 is dependent upon the location and 
extent of hull damage and upon the arrangement of 
watertight divisions within the ship. This general re- 
lationship was recognized as early as 1919, and a rel- 
atively rigorous procedure for dealing with it was first 
presented by Wendel (1960). 

Probability 3 is dependent upon buoyancy and sta- 
bility in the flooded condition. This in turn is subject 
to the following variable factors: 

(a) The location and extent of flooding. 

(b) The permeability of flooded spaces. 

(c) The draft and stability before flooding. 

(ad) Applied forces and moments. 

Data for a total of approximately 860 ship damage 
cases attributable to strandings and collisions were 
compiled. After preliminary review, it was decided that 
probability as to location and extent of damage might 
best be evaluated by limiting study to collision cases 
involving only passenger and cargo ships, excluding 
tankers. Data on vertical location and extent were also 
available, but it did not seem feasible to deal with these 
variables probabilistically. 

The probability of survival in any flooded condition 
is also dependent upon the probability in respect to 
applied forces and moments in that condition. These 
may be due to wind and sea, or to location or movement 
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of tankage. persons, or other weights. 

To evaluate the relationship between sea state, sta- 
bility and buoyancy when flooded, and survival prob- 
ability, damage stability model tests in waves were 
conducted. Test models included a long-voyage pas- 
senger-cargo type ship (Middleton and Numata, 1970) 
and a short-voyage passenger-vehicle ferry (Bird and 
Brown, 1973). Supplemental damage stability tests of 
simplified models dealing particularly with the effects 
of variations in beam-depth ratio and of internal ar- 
rangements were also conducted (Stahlschmidt, 1972.) 
The mechanism of capsize observed in all tests was 
similar in cimilar ituations. Despite the wide differ- 
ence in ship type and proportions, the references 
showed some degree of agreement as to the stability 
necessary to survive a given sea state. For both of 
these series of tests, there was sometimes a substan- 
tial difference between the stability necessary to avoid 
capsize when the damage was to windward and when 
it was to leeward. However, with that exception, in 
any given condition, the difference between the sta- 
bility at which repeated capsizes occurred and that at 
which they did not occur was small. Therefore, for 
simplicity, the values of stability necessary for sur- 
vival at any sea state were averaged and treated as 
deterministic rather than as random variables, as 
might theoretically be expected. The model tests were 
very interesting and the references cited provide much 
food for thought. 

To evaluate actual service variations in draft and 
permeability and in stability before flooding, relevant 
ship voyage data were reviewed. The ships for which 
the most complete data were available were of pas- 
senger-cargo and cruise type. Some data on the op- 
eration of both short-voyage passenger-vehicle type 
ships and long-voyage cargo-passenger ships were also 
included. 

Draft distributions were found to differ consider- 
ably. Despite these variations, the new regulations 
assume a standard form of draft distribution to apply 
to all passenger ships. While this standard draft dis- 
tribution was based upon the ship draft data, its me- 
dian value is somewhat higher than the average 
median of the reported values. Use of such a single 
standardized form of assumed draft distribution is con- 
sidered justified for the following reasons: 

(a) For uniformity in administration and because 
of lack of a clear indication as to how a ship’s service 
draft distribution might better be anticipated in the 
design state. 

(b) Because example calculations have indicated 
that the Subdivision Index A, according to Regulation 
6 of the new regulations, is not too sensitive to differ- 
ences in the form of draft distribution. 

The ship voyage data also included information on 
the kind and quantity of cargo carried, on the cargo 
space volume, and on the percentage of that volume 
occupied by cargo. Utilizing that information and other 
data, the average cargo space permeability for each 
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Fig. 45 Comparison of R with the calculated A values of existing ships which comply with Chapter 
li of the 1960 Safety Convention. L, and N are as defined in Regulations 1(b) and 2{c) respectively 


loading condition was estimated and related to the 
draft or drafts corresponding to that condition. As 
might be expected, the cargo space permeability at 
any draft is a variable. However, for purposes of sim- 
plifying the calculations, the cargo space permeability 
formula given by new Regulation 4(b) treats it as de- 
terministic. 

It may be demonstrated by means of probability 
theory that the probability of ship survival can be 
calculated as a sum of probabilities of its survival after 
flooding each single compartment, each group of two, 
three, etc., adjacent compartments multiplied, respec- 
tively, by the probabilities of damage leading to such 
flooding. 

The new regulations prescribe that a ship’s Attained 
Subdivision Index A must be equal to or greater than 
its Required Subdivision Index #. A is equal to the 
summation over the ship’s length of the expression 
Laps, where 

a accounts for the probability of damage as related 
to the position of the damage in the ship’s length. 

p evaluates the effect of the variation in longitudinal 
extent of damage on the probability that only the com- 
partment or group of compartments under consider- 
ation may be flooded. 

s evaluates the effect of freeboard, stability, and 
heel in the final flooded condition for the compartment 
or group of compartments under consideration. 

If it were possible to accomplish this summation, 
including evaluation of each of the terms, rigorously 
and completely, A would be the probability that the 
ship would survive any and all damages resulting in 
breaching of the hull which might occur during her 
lifetime. However, for reasons already mentioned in 
the foregoing general discussion of the concept of the 
regulations and of the background studies, approxi- 
mations and simplifications have been necessary. 


Therefore, A should be regarded not as the actual 
survival probability, but rather as a number which is 
dependent upon the assessable principal factors and 
which is approximately proportional to that probabil- 
ity. 

The Required Subdivision Index FR is dependent upon 
the length of the ship and the number of persons, and 
is thus related to the property and lives at stake in 
case of a casualty. This relationship is complex and 
not explicit. Furthermore, it is dependent upon the 
effect of subdivision and stability provisions on eco- 
nomic and other operational conditions. For the time 
being, a suitable level for R could only be determined 
from consideration of the A values of existing ships 
calculated according to the new regulations. Figure 45 
shows the A values of some existing ships that comply 
with the 1960 regulations and F as contained in the 
new regulations. The wide scatter in the A values of 
existing ships is at first startling and was a source of 
considerable discussion. However, it is not so surpris- 
ing when one considers the illogical aspects of the 1960 
SOLAS regulations. 

The relation between # and the A values of existing 
ships reflects the decision reached early in the IMO 
Subcommittee deliberations that the average level of 
safety attained under the new regulations should only 
be equal to that attained under the 1960 SOLAS reg- 
ulations. This decision was not consistent with the 
views of the U. S. and some other delegations to the 
1960 Safety of Life at Sea Conference, who thought 
a higher standard was practical and necessary. How- 
ever, it contributed appreciably to establishment of the 
degree of rapport within the the Subcommittee essen- 
tial to completion of the very extensive and drawn-out 
work culminating in these new regulations. Many be- 
lieve that a higher standard of safety is practicable 
and are hopeful that experience in design of ships to 
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the new regulations will lead to eventual agreement 
on this point. 

In addition, such experience should lead to proce- 
dural improvements in the provisions of the regula- 
tions and related calculations. It is hoped that adequate 
related systematic study of casualties, of ship oper- 
ating data, of waves and other sources of upsetting 
moments, and of relevant ship response will be con- 
tinued. While these new regulations, per se, apply only 
to passenger ships, the principles upon which they are 
based are such that similar procedures may well be 
developed, not only for evaluation of the subdivision 
of other types of ships, but also for logical evaluation 
and control of other damage-related ship risks. 

These alternate regulations have not as yet been 
incorporated in the published U.S. Coast Guard Reg- 
ulations, although they are accepted and endorsed by 
the U.S. Coast Guard. The complete regulations are 
given in IMO Resolution A265 (VIID), and explanatory 
notes to the regulations are given in IMO MSC/CIRC. 
153. Both of these are reproduced in the Coast Guard 
Commandant’s International Series (1974). Further ex- 
planation of the reasoning behind the regulations is 
given in Robertson, et al (1974). 

There is general acceptance among the leading au- 
thorities of the maritime nations that the probability 
principles on which the alternate regulations are based 
are sound and their application to other classes of 
vessels offers the possibility of obtaining increased 
safety without substantially increasing construction 
and operating costs. Since the promulgation of these 
alternative regulations occurred at the same time as 
the passenger airlines were sweeping the bulk of ocean 
going passenger vessels from the seas, few naval ar- 
chitects have had any reason to use and understand 
these regulations and to explore the possibilities of 
improving the safety of other classes of vessels by 
their use. It is hoped that in the coming years, this 
situation wil] gradually change and experience will 
lead to the adoption of these principles for a larger 
portion of the world’s seagoing fleet. See Tagg (1982). 

8.3 Definitions. Regulation 1 of the IMO new 
equivalent subdivision regulations gives the following 
definitions. For the purpose of these Regulations, un- 
less expressly provided otherwise: 


(a) Q) A ‘subdivision load line’ is a waterline used 
in determining the subdivision of the ship; and 
(ii) the ‘deepest subdivision load line’ is the 
waterline which corresponds to the greatest 
draught permitted by the subdivision require- 
ments which are applicable. 

(b) the ‘subdivision length of the ship’ (L,) is the 

extreme moulded length of that part of the ship 

below the immersion limit line. 


In effect, the subdivision length L, is the molded 
overall length of the buoyant part of the ship through- 
out which damage may affect buoyancy and stability. 


197 


Thus, in a flush deck vessel, the length is measured 
between the intersections of the deck with the stem 
and stern. In vessels with raised forecastles and/or 
poops, the length is measured between the intersection 
of the forecastle deck with the bow and the intersection 
of the poop deck with the stern. In contrast to the 
length, as defined in the U.S. traditional passenger ship 
regulations, it is virtually always greater and is unaf- 
fected by changes in subdivision draft. While the ‘“‘sub- 
division length of the ship” Z, is always used in the 
formulas for required and attained subdivision indices, 
it is common practice to use hydrostatic data from lines 
plans drawn with end ordinates at the load waterline 
or the ship’s perpendiculars. This practice is accepted 
because it is conservative. Neglecting the buoyancy 
between the end ordinates and the end points for sub- 
division length, results in giving a trim for compart- 
ments inboard of the ends which is greater than the 
actual trim. In cases where the attained index is mar- 
ginally below the required index using the end ordi- 
nates on the lines plan, modification can be made 
treating the added buoyancy at the ends as appen- 
dages. 


(c) ‘midlength’ is the midpoint of the subdivision 

length of the ship (L,). 

(d) @) the ‘breadth’ (B,) is the extreme moulded 
breadth of the ship at midlength at or below 
the deepest subdivision load line; 

(ii) the ‘breadth’ (B,) is the extreme moulded 
breadth of the ship at midlength at the rele- 
vant bulkhead deck. 


Together with freeboard (and the ship’s form) B, 
affects the heel line at which the “relevant bulkhead 
deck” will immerse. It is possible for more than one 
deck to be the “relevant bulkhead deck’. Therefore in 
the case of some ship’s having tumblehome or flare to 
the topsides, B, may have more than one value. 


(e) The ‘relevant bulkhead deck’ is the uppermost 
deck which, together with the watertight bulkheads 
bounding the extent of flooding under consider- 
ation and the shell of the ship, defines the limit 
of watertight integrity in the flooded condition. 


Where watertight bulkheads and the associated 
ship’s shell are watertight to different levels in differ- 
ent parts of the ship, the “relevant bulkhead deck” in 
respect to some flooding situations will be different 
from that of other flooding situations. 


() The immersion limit line’ at any point in L, 
is defined by the highest relevant bulkhead deck 
at side at that point. 
(@ The ‘draught’ (d;) is the vertical distance from 
the moulded base line at midlength to the water- 
line in question. 

() The ‘subdivision draught’ (d,) is the sub- 
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THE DISTANCE 0.2 8, MAY BE MEASURED PERPENDICULAR TO THE 
DAMAGE WATERLINE, OR PERPENDICULAR TO THE SUBDIVISION LOAD. 
LINE. THE DIFFERENCE IS NEGLIGIBLE FOR REGULATORY PURPOSES. 


Fig. 46 Illustration of “effective mean damage freeboard” (F,)—Regulation 1 (h) 


division load line in question. 

(ii) The ‘lightest service draught’ (d,) is the 
service draught corresponding to the lightest 
anticipated loading and associated tankage, 
including, however, such ballast as may be nec- 
essary for stability and/or immersion. 

(iti) Intermediate draughts between d, and d, 
are: 


d, = d, — 2/3(d, — d,) 
d, = d, — 1/3(d, — d,) 
d, = d, — 1/6(d, — d,) 


(h) The ‘effective mean damage freeboard’ (F,) is 
equal to the projected area of that part of the ship 
taken in the upright position between the relevant 
bulkhead deck and the damage waterline and 
between 1/3L, forward and abaft the midlength 
divided by 2/3L, In making this calculation no 
part of the area which is more than 0.2B, above 
the damage waterline shall be included. However, 
if there are stairways or other openings in the 
bulkhead deck through which serious downflood- 
ing could occur F, shall be taken as not more than 
1/3(B, tang 0,), where 0,is the angle at which such 
openings would be immersed. 


The effective mean damage freeboard and the limi- 
tations on F, are illustrated in Figures 46 and 47. 


() The ‘permeability’ (u) of a space is the propor- 

tion of the immersed volume of that space which 

can be occupied by water.” 

8.4 Required Subdivision Index. 
number 2 reads as follows: 


IMO regulation 


(a) To provide for buoyancy and stability after 
collision or other damage, ships shall have suffi- 
cient intact stability and be as efficiently subdi- 
vided as is possible having regard to the nature 
of the service for which they are intended. 


(b) The subdivision of a ship is considered suffi- 
cient if: 
(i) the stability of the ship in damaged con- 
dition meets the requirements of Regulation 5 
[Section 8.7]; and 
(ii) the attained Subdivision Index A accord- 
ing to Regulations 6 and 7 [Sections 8.8, 8.9] is 
not less than the required Subdivision Index 
FR calculated in accordance with paragraph (c) 
of this Regulation. 
(c) The degree of subdivision is determined by the 
required Subdivision Index R, as follows: 


1000 
Re ee (m) 
ZL, + N + 1500 
1000 @ 
R=1- Tyr 4N+ 1500 
Where: 


N=N, + 2N, 


N, = number of persons for whom life boats are 
provided. 


UPRIGHT DAMAGE WL 


THE ADMINISTRATION MAY OE TE RMINE IN EACH CASE IF THE 
INCLINED OAMAGE WL CAN BE ASSUMED TO PASS THROUGH THE 
INTERSECTION POINT @, WITH NEGLIGIBLE DIFFERENCE IN Oy 


F, SHALL NOT BE TAKEN AS MORE tant 8, TAN 6, WHERE 9, IS THE ANGLE AT WHICH STAIRWAY OR OTHER 
OPENINGS IN THE BULKHEAD DECK ARE iMMERSED. 


Fig. 47 illustration of limit on F, imposed by openings in the bulkhead deck 
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Fig. 48 Permeability vs. draft for two passenger-cargo ships: 


M1— 180 m, 557 pass.; 


N, = number of persons (including officers and 
crew) that the ship is permitted to carry in excess 
of N,. 


(ad) Where the conditions of service are such that 
compliance with paragraph (b) of this Regulation 
on the basis of N = N, + 2N, is impracticable 
and where the Administration considers that a 
suitably reduced degree of hazard exists, a lesser 
value of N may be taken but in no case less than 
N=WN, + Ny. 


As an example of how the Required Subdivision In- 
dex # increases as the number of passengers increases 
and also as the length increases, the following data 
are given: 


REQUIRED SUBDIVISION INDEX R 


Length of Ship 500 Pass. 1000 Pass. 1500 Pass. 
122m (400 ft) 0.598 0.665 0.713 
183m (600 ft) 0.634 0.691 0.732 
244m (800 ft) 0.664 0.712 0.748 


It will be seen later that the higher the subdivision 
index, the greater the subdivision requirements. Ob- 
viously, the increase due to the number of passengers 
is intended to take into account the need for greater 
safety with greater numbers; the increase due to 
length, takes into account the ability of a longer ship 
to be subdivided in such a way as to decrease the 
probability of damage occurring that will sink the ship. 

8.5 Special Requirements. The IMO Regulations 
have a number of regulations concerning double bot- 
toms and bulkhead arrangements and watertightness, 
generally consistent with the existing U.S. Regula- 
tions. (See IMO Regulations 3 and 9 through 19). The 
major variation occurs in Regulation 3, concerning the 


SMG— 156 m, 121 pass 


bulkhead just abaft the forepeak bulkhead, which only 
requires that the forepeak and the next adjacent com- 
partment have an “‘s” value of not less than one. Also, 
an additional requirement is that the distance between 
the forepeak bulkhead and the next bulkhead shall not 
be less than the required longitudinal extent of dam- 
age. 

8.6 Permeability. The permeabilities of various 
spaces set forth in IMO Regulation 4 are as follows: 


(a) Spaces Permeability (u) 


Appropriated as accom- 
modation for passenger 
and crew, or other spaces 
not specifically herein 


AeSignated ........cceeecesees 0.95 
Appropriated for 

MACRINETY oo. ccccccccccrenees 0.85 
Normally occupied by 

SLOTES . cea ciiee chee etesade 0.60 
Intended for consumable 

QUIS caiccs cue adetas Ved awnaes 0.00 or 0.95* 


*whichever results in the more severe require- 
ment. 


(b) The permeability u of any space appropriated 
for cargo shall be assumed to vary with the 
draught before damage in such a way that for any 
initial draught d; the permeability py; of any cargo 
space shall be taken as: 


_ 12(d;—d,)  0.05(d, — di) 


is d, @,—d,) 


Bi = 


but not more than 0.95 nor less than 0.60. 
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It should be noted that here, for the first time, a 
subdivision and damage stability standard varies the 
permeability used for a given compartment depending 
on the draft, assigning a higher permeability at the 
lower drafts. This is consistent with the fact that cargo 
holds generally will not be filled with cargo at the light 
drafts. Fig. 48 shows a plot of permeability versus 
draft calculated from paragraph (b) above for two of 
the ships analyzed in preparing the regulations. The 
detail permeability calculations for these ships on var- 
ious voyages are also indicated. 

It will also be noted that the use of average perme- 
abilities forward and aft of the machinery space is 
eliminated and only the individual permeabilities for 
each space are used. 

8.7 Required Subdivision and Damage Stability. 
The requirements for subdivision and damaged sta- 
bility are given in this section and in Sections 8.8 and 
8.9, corresponding to IMO Regulations 5, 6 and 7. Reg- 
ulation 5 is set forth below: 


(a) Sufficient intact stability shall be provided in 
all service conditions so as to enable the ship to 
comply with the provisions of this Regulation. Be- 
fore certification of the ship, the Administration 
shall be satisfied that the required intact stability 
can practicably be obtained in service. 

(6) (i) All ships shall be so designed as to comply 
with the provisions of this Regulation in the 
event of flooding due to one side damage with 
a penetration of 0.2B, from the ship’s side at 
right angles to the centerline at the level of the 
subdivision load line and a longitudinal ex- 
tent of Fm(9.8 ft) + 0.08L,, or 11m(36 ft) which- 
ever is the less, occurring anywhere in the 
ship’s length, but not including a transverse 
bulkhead. However, where a bulkhead is 
stepped it shall be assumed as subject to dam- 
age. 

(i) Ships for which N is more than 600 shall 
additionally be able to comply with this Reg- 
ulation in the event of flooding, due to side 
damage including transverse bulkheads oc- 
curring anywhere within a length equal to (N/ 
600 — 1.00)L,, measured from the forward ter- 
minal of L,, where N is as defined in Regula- 
tion 2(c) and (d). The value of (N/600 — 1.00) 
shall not be more than one. 

(it) In any calculation required under this 
paragraph, the damage shall be assumed to 
extend from the base line upwards without 
limit. However, if flooding due to a lesser ex- 
tent of damage either vertically, transversely 
or longitudinally results in a higher necessary 
intact metacentric height, such a lesser extent 
of damage shall be assumed. In all cases, how- 
ever, only one breach in the hull and only one 
Sree surface need be assumed. For the purpose 
of assessing heel prior to equalization, the 


bulkheads and deck bounding refrigerated 
spaces and other decks or inner divisions 
which in the opinion of the Administration 
are likely to remain sufficiently watertight 
after damage, shall be regarded as limiting 
flooding. Otherwise, flooding shall be assumed 
as limited only by undamaged watertight 
structural divisions. 
(c) ) In the final stage of flooding: 
(1) there shall be a positive metacentric 
height, GM, calculated by the constant dis- 
placement method and for the ship in up- 
right condition, of at least 


= B,(N, + Nz) 
GM = a ae ad 
B, 
GM = 0.049 = (ft) 
1 
B, 
GM = 0.015 = (m) or 


GM = 0.05 m (Qin.) whichever is the greater 


Where A = displacement of the ship in the un- 
damaged condition (in long tons or 
metric tons respectively); 

(2) the angle of heel in the case of one com- 
partment flooding shall not exceed 7 deg. 
For the simultaneous flooding of two or 
more adjacent compartments, a heel of 12 
deg may be permitted unless the Adminis- 
tration considers a lesser heel necessary to 
ensure an adequate amount and range of 
residual stability; 
(3) except in way of the flooded compart- 
ment or compartments no part of the rel- 
evant bulkhead deck at side shall be 
immersed. 
(ii) Unsymmetrical flooding shall be kept to a 
minimum consistent with efficient arrange- 
ments. If any equalizing arrangements are 
necessary to ensure that the angle of heel in 
the final stage of flooding does not exceed the 
limits specified in sub-paragraphs (i)(2) and (3) 
of this paragraph, these arrangements shall, 
where practicable, be self-acting. However, if 
controls are necessary, they shall be operable 
from above the highest relevant bulkhead deck. 
All such arrangements shall be acceptable to 
the Administration. 
(111) The Administration shall be satisfied that 
stability prior to equalization is sufficient. 
However, in no case shall the maximum heel 
before equalization exceed 20 deg. nor shall it 
result in progressive flooding. Additionally, 
the time for equalization of cross-connected 
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Fig. 49 GZ curves for a 100-m vehicle ferry 


spaces to at least the limits specified in sub- 
paragraphs (i)(2) and (8) of this paragraph 
shall not exceed 10 min. 
(iv) The Administration shall be satisfied that 
the residual stability is sufficient during in- 
termediate flooding and that progressive flood- 
ing will not take place. Calculations relative 
thereto shall be in accordance with the provi- 
sions of subparagraph (b)(i1i) of this Regula- 
tion, respecting the assumed extent of damage 
and resulting extent of flooding. Heel during 
intermediate flooding due either to negative 
metacentric height alone or in combination 
with unsymmetrical flooding shall not exceed 
20 deg. 
(b) Damage stability calculations performed in 
compliance with this Regulation shall be such as 
to take account of the form and the design char- 
acteristics of the ship and the arrangements, con- 
jiguration and probable contents of the 
compartments considered to be flooded. In making 
calculations for heel prior to equalization and for 
equalization time, the flooding of that portion of 
the ship opened to the sea shall be assumed to be 
completed prior to commencement of equaliza- 
tion. For each initial draught condition, the ship 
shall be at the most unfavorable intact service 
trim anticipated at that draught having regard 
to the influence of the trim on the freeboard in 
the flooded condition. 
(e) The intact metacentric height, and correspond- 
ing vertical center of gravity, necessary to provide 
compliance with the requirements specified in 
paragraphs (b) and (c) of this Regulation shall be 
determined for the operating range of draughts 
between d, and d,. If (d, ~ d,) does not exceed 0.1 
d,, damage stability calculations may be made 
only for d, and d,, and the intermediate values 
may be obtained by linear interpolation. If (d, — 
d,) exceeds 0.1 d,, damage stability calculations 
shall also be made for at least one additional in- 
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termediate draught. However, in all cases, where 
there are vertical discontinuities in permeabili- 
ties or in free surfaces which may result in dis- 
continuities in the necessary intact metacentric 
height, damage stability calculations shall be 
made for the corresponding draughts in order to 
define such discontinuities.” 


It will be seen from the above, particularly from the 
formulas given in subparagraph (c)(i)(1) that while 0.05 
m (2 in.) of residual GM is permitted in the damaged 
condition, such a minimum GM must be accomplished 
by a high freeboard. For example, for a ship with a 
beam of 18.3m (60 ft), a GM of 0.05m (2 in.) requires 
a freeboard of 5.5m (18 ft). Increasing the GM to 0.30m 
(12 in.), permits the freeboard to be reduced to 0.9m 
(2.95 ft). 

While the traditional regulations permit a residual 
GM of 0.05m (2 in.) with a freeboard after flooding of 
0.075 m (8 in.), such a condition has virtually no survival 
probability. This is illustrated in Fig. 49. 

Fig. 50 shows clearly the increase in initial GM re- 
quired for a given ship by the provision in these reg- 
ulations for increased residual after damage. The 
left hand curve in the figure shows the GM required 
for compartments 8 and 9 to comply with a two-com- 
partment standard of subdivision under the existing 
Coast Guard rules. The curves on the right for com- 
partments 10 and 11, and compartment 8, are the re- 
quired GM under the equivalent regulations. 

The alternate equivalent international passenger 
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for tankers and for passenger ships under the new equivalent regulations 


ship regulations specify only required residual free- 
board and GM versus beam. This was done advisedly 
and because model tests both here and abroad indi- 
cated that capsizing of a damaged ship lying in a sea- 
way is a quasi-static phenomenon, at least for pas- 
senger type ships. For such ships it appeared that 
freeboard, GM and beam, taken together, provided at 
least as good an index of survival as any simple right- 
ing arm and amplitude standard (Robertson, et al, 
1974). 

Fig. 51 shows that, as applied to the basic C4-5-la 
Mariner design hull form, the new equivalent passen- 
ger ship regulations result in lesser righting arms than 
called for by the tanker regulations. It thus appears 
that the latter are more conservative. However, a much 
more extensive investigation and comparison would 
probably be necessary to be conclusive. 

Subparagraphs (6)(i) and (b)(ii) above require all 
ships to meet a one-compartment standard, but when 
the number of passengers exceeds 1200, a two-com- 
partment standard is required throughout. Between 
600 and 1200 passengers, a portion of the ship, starting 
at the forward end is also required to meet a two- 
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compartment standard. Fig. 52 illustrates this require- 
ment. 

8.8 Attained Subdivision Index. 
calls for the following: 


(~) 
In addition to complying with Regulation 5 
[Section 8.7] the attained Subdivision Index A 
shall be determined for the ship by formula (I): 


IMO Regulation 6 


i ee ee ay 


a accounts for the probability of damage as 
related to the position of the compartment 
in the ship’s length, 


p evaluates the effect of the variation in lon- 
gitudinal extent of damage on the proba- 
bility that only the compartment or group 
of compartments under consideration may 
be flooded, and 


s evaluates the effect of freeboard, stability 
and heel in the final flooded condition for 
the compartment or group of compartments 
under consideration. 


(it) The summation indicated by formula (ID) 
is taken over the ship’s length for each com- 
partment taken singly. To the extent that the 
related buoyancy and stability in the final 
condition of flooding are such that s is more 
than zero, the summation is also taken for all 
possible pairs of adjacent compartments, and 
may be taken for all possible groups of a higher 
number of adjacent compartment tf tt is found 
that such inclusion contributes to the value of 
the attained Subdivision Index A. 
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Fig. 52 illustration of the application of Subparagraph S(b)lii) to a ship with N = 900 
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(iit) Wherever wing compartments are fitted 
and where the assumed damage used in the 
damage stability calculations according to 
Regulation 5 forming the basis for the s cal- 
culation does not result in flooding of the as- 
sociated inboard spaces, p shall be multiplied 
by r as determined in Regulation 7(b). 


IMO Regulation 6 continues by giving details of 
formulas for determining the above factors for each 
compartment and group of compartments: 


a given by Formula III 
p given by Formulas IV-VII 
s given by Formulas VIII-IX 


A detailed explanation of the meaning of the above 
factors a, p and s is given by Robertson, et al. (1974). 
Formula III for a given in the Regulation 6 corre- 
sponds to an assumed probability density function of 
longitudinal location of damage that has a constant 
value of 1.2 throughout the forward half, length and 
then decreases linearly to 0.4 at the extreme stern. 
This assumed density function conforms approxi- 
mately to a histogram of damage location established 
from casualty records. Formula IV for p corresponds 
approximately to a density function of damage length 
which varies linearly from a maximum value at zero 
damage length to zero at a damage length of 0.24L,, 
but not more than 48 m (157 ft). 

Finally, formula VIII for s is based on an empirical 
expression of the form, 


where F’, is effective freeboard flooded and GW, is 
effective metacentric height flooded. In the notation of 
the formula, 


FoF _ (B,/2) 
GM, CM, Mi, 


Although no simple formula applied to different types 
of ship could be expected to estimate closely the actual 
probability of survival, the accepted formula was 
found to give reasonable trends in comparison with 
model test results. 

See IMO Regulation 6 for details of the formulas 
and their use in calculating the factors discussed 
above. 

IMO Regulation 7 gives detailed requirements ap- 
plicable to combined longitudinal and transverse sub- 
division. 

After the basic IMO regulations were issued it was 
felt that certain additional explanatory notes were nec- 
essary. Accordingly, IMO Resolution A 265 (VIII), con- 
tained in C.G. Commandant’s International Technical 
Series (1974), has attached to it a document, MSC/ 
CIRC 153, that gives explanatory notes to the regu- 
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lations. Part III of these notes titled “Guidance for 
Assembling Input Data and Structuring Output Data” 
contains valuable information which should be studied 
by anyone performing these calculations. Appendix II 
to the notes, titled “Combined Transverse and Lon- 
gitudinal Subdivision,” gives detailed information on 
nomenclature and methods of calculating values of p 
and a for combined longitudinal and transverse sub- 
division. Methods of handling recesses are also dis- 
cussed in Appendix II. 

In case of an actual application of the Alternate 
Equivalent Passenger Vessel Regulations the designer 
is advised to refer to the current IMO publications for 
up-to-date guidance information on the practical ap- 
plication of the regulations, as well as for possible 
changes and extensions to other ship types. 
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CHAPTER iV 


Strength of Ships 


Section 1 
Introduction 


1.1 Nature of Ship Structures. The size and principal 
characteristics of a new ship are determined primarily 
by its mission or intended service. In addition to basic 
functional considerations there are requirements such 
as stability, low resistance and high propulsive effi- 
ciency, and navigational limitations on draft or beam, 
all of which influence the choice of dimensions and 
form. The ship’s structure must be designed, within 
these and other basic constraints, to sustain all of the 
loads expected to arise in its seagoing environment. 
As a result, a ship’s structure possesses certain dis- 
tinctive features not found in other man-made struc- 
tures. 

Among the most important distinguishing charac- 
teristics of ship structures are the size, complexity, 
and multiplicity of function of structural components, 
the random or probabilistic nature of the loads imposed 
and the uncertainties inherent in our ability to predict 
the response of the structure to those loads. In con- 
trast to land-based structures, the ship does not rest 
on a fixed foundation but derives its entire support 
from buoyant pressures exerted by a dynamic and 
ever-changing fluid environment. 

The methods of analysis employed by the naval ar- 
chitect in designing and evaluating the structure of a 
ship must be selected with the above characteristics 
in mind. During the past twenty years ship structural 
design and analysis have undergone far-reaching 
changes towards more rationally founded practices, 
and the development of readily available computer- 
based analytical tools has relieved the naval architect 
of much of the routine computational effort formerly 
involved in the analysis of a ship’s structural perform- 
ance. Nevertheless, many aspects of ship structures 
are not completely amenable to pure analytical treat- 
ment, and consequently the design of the structure 
continues to involve a judicious and imaginative blend 
of theory and experience. 

This chapter will deal in detail with the loads acting 
on a ship’s hull, techniques for analyzing the response 


of its structure to these loads and both current and 
evolving new methods of establishing criteria of ac- 
ceptable structural design. A detailed description of 
ship structures and a discussion of the practical as- 
pects of the structural design of ships, as they are 
influenced by the blending of experience and analysis 
embodied in classification society rules, is given in 
Chapters VI and VII of Taggart (1980).! This work 
should be treated as a companion piece to this chapter. 

In order to aid in understanding the nature of the 
behavior of ship structures, further details of some of 
their most important distinguishing characteristics 
will now be given. In some cases, it is helpful to com- 
pare the ship and its structure with other man-made 
structures and systems. 

1.2 Size and Complexity of Ships. Ships are the 
largest mobile structures built by man, and both their 
size and the requirement for mobility exert strong 
influences on the structural arrangement and design. 
Today there are in operation large oil tankers having 
fully loaded displacements exceeding 600,000 long tons 
and dimensions of 400m (1312 ft) in length, 68m (207 
ft) in breadth, 35.9m (118 ft) in depth, with a loaded 
draft of 28.5m (93 ft). They are among the most com- 
plex of structures and this is due in part to their 
mobility. Good resistance and propulsive characteris- 
tics dictate that the external surface of the hull, or 
shell, must be a complex three-dimensional curved sur- 
face and, since the shell plating is one of the major 
strength members, the structural configuration may 
not always be chosen solely on the basis of optimum 
structural performance. Furthermore, the structural 
behavior of the many geometrically complex members 
that constitute a ship’s hull is difficult to analyze, and 
the construction of the vessel may be complicated be- 
cause there are few members of simple or repetitive 
shape. 
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1.3 Multipurpose Function of Ship Structural Com- 
ponents. In contrast to many land structures, the 
structural components of a ship are frequently de- 
signed to perform a multiplicity of functions in addition 
to that of providing the structural integrity of the ship. 
The shell plating, for instance, serves not only as the 
principal strength member, but also as a watertight 
envelope of the ship, having a shape that provides 
adequate stability against capsizing, low resistance to 
forward motion, acceptable controllability and good 
propulsive characteristics. 

Internally, many strength members serve dual func- 
tions. For example, bulkheads that contribute sub- 
stantially to the strength of the hull may also serve 
as liquid-tight boundaries of internal compartments. 
Their locations are dictated by the required tank vol- 
ume or subdivision requirements (See Chapter III). The 
configuration of structural decks is usually governed 
by the arrangement of internal spaces, but they may 
be called upon to resist local distributed and concen- 
trated loads, as well as contributing to longitudinal 
and transverse strength. 

Whereas in many instances structural efficiency 
alone might call for beams, columns, or trusses, al- 
ternative functions will normally require plate or 
sheet-type members, arranged in combination with a 
system of stiffeners, in order to provide resistance to 
multiple load components, some in the plane of the 
plate and others normal to it. An important charac- 
teristic of ship structure is its composition of numerous 
stiffened plate panels, some plane and some curved, 
which make up the side and bottom shell, the decks 
and the bulkheads. Much of the effort expended in ship 
structural analysis is, therefore, concerned with pre- 
dicting the performance of individual stiffened panels 
and the interactions between adjoining panels. 

1.4 Variability of Ship Structural Loads. The loads 
that the ship structure must be designed to withstand 
have many sources. There are static components, 
which consist principally of the weight and buoyancy 
of the ship in calm water. There are dynamic compo- 
nents caused by wave-induced motions of the water 
around the ship and the resulting motions of the ship 
itself. Other dynamic loads, usually of higher fre- 
quency than the simple wave-induced loads, are caused 
by slamming or springing in waves and by the pro- 
pellers or propelling machinery. These sometimes 
cause vibration of parts or the whole of the ship. 
Finally, there may be loads that originate in a spe- 
cialized aspect of the ship’s function, such as ice break- 
ing, or in the cargo it carries, as in the case of 
thermally-induced loads associated with heated or re- 
frigerated cargos. 

An important characteristic of all of these load com- 
ponents is their variability with time. Even the static 
weight and buoyancy vary from voyage to voyage, 
and within a voyage, depending upon the amount and 
distribution of cargo and consumables carried. In order 
to design the structure of the ship for a useful life of 
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twenty years or more, this time dependence of the 
loading must be taken into consideration. 

The loads imposed by the sea, like the sea itself, are 
random in nature, and can therefore be expressed only 
in probabilistic terms. As a result, it is generally im- 
possible to determine with absolute certainty a single 
value for the maximum loading that the ship structure 
will be called upon to withstand. Instead, it is neces- 
sary to use a probabilistic representation, in which a 
series of loads of ascending severity is described, each 
having a probability corresponding to the expected 
frequency of its occurrence during the ship’s lifetime. 
When conventional design methods are used, a design 
load may then be chosen as the one having an ac- 
ceptably low probability of occurrence (Section 2.3). In 
more rigorous reliability methods (Section 5) the load 
data in probability format can be used directly. 

1.5 Probabilistic Nature of Structural Behavior. As 
a consequence of the complexity of the structure and 
the limitations of our analysis capabilities, it is seldom 
possible to achieve absolute accuracy in predicting the 
response of the structure even if the loading were 
known exactly. As in the case of the uncertainties 
present in the predictions of structural loading, it is 
necessary for the designer to take into consideration 
the probable extent and consequences of uncertainties 
in the structural response prediction when making a 
judgment concerning the overall acceptability of the 
structure. One of the most important tasks facing the 
engineer is to choose the proper balance between the 
acceptable level of uncertainty in his structural re- 
sponse predictions and the time and effort that must 
be expended to achieve a higher level of accuracy. The 
existence of this uncertainty, then, is acknowledged 
and must be allowed for in design. 

In ship structural performance prediction there are 
at least three sources of uncertainty. First, the de- 
signer’s stress analysis is usually carried out on an 
idealization of the real structure. For example, beam 
theory may be used to predict the stress distribution 
in part or the whole of the hull girder, even though it 
is known that the ship geometry may not follow ex- 
actly the assumptions of beam theory. 

Second, the actual properties of the materials of 
construction may not be exactly the same as those 
assumed by the designer. Steel plates and shapes, as 
delivered from the mill, do not agree precisely with 
the nominal dimensions assumed in design. Similarly 
the chemical and physical properties of the materials 
can vary within certain tolerance limits. The rules of 
classification societies specify both physical and chem- 
ical standards for various classes of shipbuilding 
materials, either in the form of minimum standards or 
a range of acceptable values. The materials actually 
built into the ship should have properties that lie within 
these specified limits, but the exact values depend on 
quality control in the manufacturing process and are 
not known in advance to the designer. Furthermore, 
there will inevitably be some degradation of material 
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physical properties caused by corrosion, for example, 
over the lifetime of the ship. 

Third, the integrity of ship construction contains a 
significant element of skill and workmanship. The de- 
signer, in performing a stress analysis, may assume 
perfect alignment and fitup of load-carrying members 
and perfectly executed welds. This ideal may be ap- 
proached by the use of a construction system involving 
highly skilled workmen, and high standards of inspec- 
tion and quality control, but an absolutely flawless 
welded joint, or a plate formed precisely to the intended 
shape and fabricated with no weld-induced distortion 
or joint misalignment, is a goal to be striven for, but 
never attained in practice. 

It will be obvious that the uncertainties involved in 
the determination of both the loads and the structural 
responses to these loads make it difficult to establish 
criteria for acceptable ship structures. In the past al- 
lowable stress levels or safety factors used by the 
designer provided a means, based upon past experience 
with similar structures, of allowing for these uncer- 
tainties. In recent years, reliability principles have 
been applied, using probability theory and statistics, 
to obtain a more rational basis for design criteria. In 
the reliability approach to design, structural response 
data, as well as load data, can be expressed and used 
in probability format. These principles are discussed 
in Section 5. 

1.6 Modes of Ship Structural Failure. Avoidance of 
structural failure is an overriding goal of all structural 
designers, and in order to achieve this goal it is nec- 
essary for the naval architect to be aware of the pos- 
sible modes of failure and the methods of predicting 
their occurrence. The types of failure that may occur 
in ship structures are generally those that are char- 
acteristic of structures made up of stiffened plate 
panels assembled through the use of welding to form 
monolithic structures with great redundancy, i.e., hav- 
ing many alternative paths for lines of stress. 

It should be noted that structural failure may occur 
in different degrees of severity. At the low end of the 
failure scale, there may be small cracks or deforma- 
tions in minor structural members that do not jeop- 
ardize the basic ability of the structure to perform its 
function. Such minor failures may have only esthetic 
consequences. At the other end of the scale is total 
catastrophic collapse of the structure resulting in the 
loss of the ship. Between these extremes are several 
different modes of failure that may reduce the load- 
carrying ability of individual members or parts of the 
structure but, as a result of the highly redundant na- 
ture of the ship structure, do not lead to total collapse. 
Such failures are normally detected and repaired be- 
fore their number and extent grow to the point of 
endangering the ship. 

Four principal mechanisms are recognized as caus- 
ing most of the cases of ship structural failure, aside 
from collision or grounding. These modes of failure 
are as follows: 
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e Excessive tensile or compressive yield. 
e Buckling due to compressive or shear instability. 
e Fatigue cracking. 

e Brittle fracture. 


The first three modes of failure are discussed in more 
detail in Section 4. The last of them, brittle fracture, 
was found to play a major role in the failure of many 
of the emergency cargo ships built during World War 
II. The causes of these failures ultimately were traced 
to a combination of factors associated with the rela- 
tively new techniques of welded construction employed 
in building the ships. The solution to the problem was 
obtained through the development of design details 
that avoided the occurrence of notches and other stress 
concentrations, together with the selection of steels 
having a high degree of resistance to the initiation and 
propagation of cracks, particularly at low tempera- 
tures. Features termed crack arrestors were incor- 
porated in order to provide fail-safe design by limiting 
the extent of propagation of any cracks that might 
actually have occurred. 

Since the control of brittle fracture is accomplished 
principally through detail design and material selec- 
tion, it is considered only briefly in this chapter. In- 
formation on these topics may be found in Taggart 
(1980), Chapters VII and VIII. 

1.7 Design Philosophy and Procedure. The devel- 
opment of completely rational structural design pro- 
cedures is being pursued in several disciplines, 
including civil, aeronautical and mechanical engineer- 
ing, as well as in naval architecture. Using such pro- 
cedures it should be possible first to formulate a set 
of requirements or criteria to be met by the structure, 
then, through the application of fundamental reason- 
ing and mathematical analysis, augmented by the in- 
troduction of certain empirical information, to arrive 
at a structural configuration and a set of scantlings 
that simultaneously meet all of the criteria. Although 
this ideal has not yet been attained, steady progress 
is being made in that direction. 

The original set of requirements imposed upon the 
ship will include the functional requirements of the 
owner and, in addition, institutional requirements such 
as those established by governmental and other reg- 
ulatory bodies concerned with safety of life, naviga- 
tion, pollution prevention, tonnage admeasurement 
and labor standards. The methods of selecting the 
overall dimensions and arrangement of the ship to 
meet these requirements have been dealt with in Tag- 
gart (1980). Thus, in designing the principal members 
of the ship structure, it may be assumed that the over- 
all dimensions of the ship and the subdivision of its 
internal volume by bulkheads, decks and tank bound- 
aries has already been determined to meet these var- 
ious requirements. The problem of structural design 
then consists of the selection of material types, frame 
spacing, frame and stiffener sizes, and plate thick- 
nesses that, when combined in this geometric config- 
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Strength of Ships 
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Introduction 


1.1 Nature of Ship Structures. The size and principal 
characteristics of a new ship are determined primarily 
by its mission or intended service. In addition to basic 
functional considerations there are requirements such 
as stability, low resistance and high propulsive effi- 
ciency, and navigational limitations on draft or beam, 
all of which influence the choice of dimensions and 
form. The ship’s structure must be designed, within 
these and other basic constraints, to sustain all of the 
loads expected to arise in its seagoing environment. 
As a result, a ship’s structure possesses certain dis- 
tinctive features not found in other man-made struc- 
tures. 

Among the most important distinguishing charac- 
teristics of ship structures are the size, complexity, 
and multiplicity of function of structural components, 
the random or probabilistic nature of the loads imposed 
and the uncertainties inherent in our ability to predict 
the response of the structure to those loads. In con- 
trast to land-based structures, the ship does not rest 
on a fixed foundation but derives its entire support 
from buoyant pressures exerted by a dynamic and 
ever-changing fluid environment. 

The methods of analysis employed by the naval ar- 
chitect in designing and evaluating the structure of a 
ship must be selected with the above characteristics 
in mind. During the past twenty years ship structural 
design and analysis have undergone far-reaching 
changes towards more rationally founded practices, 
and the development of readily available computer- 
based analytical tools has relieved the naval architect 
of much of the routine computational effort formerly 
involved in the analysis of a ship’s structural perform- 
ance. Nevertheless, many aspects of ship structures 
are not completely amenable to pure analytical treat- 
ment, and consequently the design of the structure 
continues to involve a judicious and imaginative blend 
of theory and experience. 

This chapter will deal in detail with the loads acting 
on a ship’s hull, techniques for analyzing the response 


of its structure to these loads and both current and 
evolving new methods of establishing criteria of ac- 
ceptable structural design. A detailed description of 
ship structures and a discussion of the practical as- 
pects of the structural design of ships, as they are 
influenced by the blending of experience and analysis 
embodied in classification society rules, is given in 
Chapters VI and VII of Taggart (1980).! This work 
should be treated as a companion piece to this chapter. 

In order to aid in understanding the nature of the 
behavior of ship structures, further details of some of 
their most important distinguishing characteristics 
will now be given. In some cases, it is helpful to com- 
pare the ship and its structure with other man-made 
structures and systems. 

1.2 Size and Complexity of Ships. Ships are the 
largest mobile structures built by man, and both their 
size and the requirement for mobility exert strong 
influences on the structural arrangement and design. 
Today there are in operation large oil tankers having 
fully loaded displacements exceeding 600,000 long tons 
and dimensions of 400m (1312 ft) in length, 68m (207 
ft) in breadth, 35.9m (118 ft) in depth, with a loaded 
draft of 28.5m (93 ft). They are among the most com- 
plex of structures and this is due in part to their 
mobility. Good resistance and propulsive characteris- 
tics dictate that the external surface of the hull, or 
shell, must be a complex three-dimensional curved sur- 
face and, since the shell plating is one of the major 
strength members, the structural configuration may 
not always be chosen solely on the basis of optimum 
structural performance. Furthermore, the structural 
behavior of the many geometrically complex members 
that constitute a ship’s hull is difficult to analyze, and 
the construction of the vessel may be complicated be- 
cause there are few members of simple or repetitive 
shape. 
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1.3 Multipurpose Function of Ship Structural Com- 
ponents. In contrast to many land structures, the 
structural components of a ship are frequently de- 
signed to perform a multiplicity of functions in addition 
to that of providing the structural integrity of the ship. 
The shell plating, for instance, serves not only as the 
principal strength member, but also as a watertight 
envelope of the ship, having a shape that provides 
adequate stability against capsizing, low resistance to 
forward motion, acceptable controllability and good 
propulsive characteristics. 

Internally, many strength members serve dual func- 
tions. For example, bulkheads that contribute sub- 
stantially to the strength of the hull may also serve 
as liquid-tight boundaries of internal compartments. 
Their locations are dictated by the required tank vol- 
ume or subdivision requirements (See Chapter III). The 
configuration of structural decks is usually governed 
by the arrangement of internal spaces, but they may 
be called upon to resist local distributed and concen- 
trated loads, as well as contributing to longitudinal 
and transverse strength. 

Whereas in many instances structural efficiency 
alone might call for beams, columns, or trusses, al- 
ternative functions will normally require plate or 
sheet-type members, arranged in combination with a 
system of stiffeners, in order to provide resistance to 
multiple load components, some in the plane of the 
plate and others normal to it. An important charac- 
teristic of ship structure is its composition of numerous 
stiffened plate panels, some plane and some curved, 
which make up the side and bottom shell, the decks 
and the bulkheads. Much of the effort expended in ship 
structural analysis is, therefore, concerned with pre- 
dicting the performance of individual stiffened panels 
and the interactions between adjoining panels. 

1.4 Variability of Ship Structural Loads. The loads 
that the ship structure must be designed to withstand 
have many sources. There are static components, 
which consist principally of the weight and buoyancy 
of the ship in calm water. There are dynamic compo- 
nents caused by wave-induced motions of the water 
around the ship and the resulting motions of the ship 
itself. Other dynamic loads, usually of higher fre- 
quency than the simple wave-induced loads, are caused 
by slamming or springing in waves and by the pro- 
pellers or propelling machinery. These sometimes 
cause vibration of parts or the whole of the ship. 
Finally, there may be loads that originate in a spe- 
cialized aspect of the ship’s function, such as ice break- 
ing, or in the cargo it carries, as in the case of 
thermally-induced loads associated with heated or re- 
frigerated cargos. 

An important characteristic of all of these load com- 
ponents is their variability with time. Even the static 
weight and buoyancy vary from voyage to voyage, 
and within a voyage, depending upon the amount and 
distribution of cargo and consumables carried. In order 
to design the structure of the ship for a useful life of 
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twenty years or more, this time dependence of the 
loading must be taken into consideration. 

The loads imposed by the sea, like the sea itself, are 
random in nature, and can therefore be expressed only 
in probabilistic terms. As a result, it is generally im- 
possible to determine with absolute certainty a single 
value for the maximum loading that the ship structure 
will be called upon to withstand. Instead, it is neces- 
sary to use a probabilistic representation, in which a 
series of loads of ascending severity is described, each 
having a probability corresponding to the expected 
frequency of its occurrence during the ship’s lifetime. 
When conventional design methods are used, a design 
load may then be chosen as the one having an ac- 
ceptably low probability of occurrence (Section 2.3). In 
more rigorous reliability methods (Section 5) the load 
data in probability format can be used directly. 

1.5 Probabilistic Nature of Structural Behavior. As 
a consequence of the complexity of the structure and 
the limitations of our analysis capabilities, it is seldom 
possible to achieve absolute accuracy in predicting the 
response of the structure even if the loading were 
known exactly. As in the case of the uncertainties 
present in the predictions of structural loading, it is 
necessary for the designer to take into consideration 
the probable extent and consequences of uncertainties 
in the structural response prediction when making a 
judgment concerning the overall acceptability of the 
structure. One of the most important tasks facing the 
engineer is to choose the proper balance between the 
acceptable level of uncertainty in his structural re- 
sponse predictions and the time and effort that must 
be expended to achieve a higher level of accuracy. The 
existence of this uncertainty, then, is acknowledged 
and must be allowed for in design. 

In ship structural performance prediction there are 
at least three sources of uncertainty. First, the de- 
signer’s stress analysis is usually carried out on an 
idealization of the real structure. For example, beam 
theory may be used to predict the stress distribution 
in part or the whole of the hull girder, even though it 
is known that the ship geometry may not follow ex- 
actly the assumptions of beam theory. 

Second, the actual properties of the materials of 
construction may not be exactly the same as those 
assumed by the designer. Steel plates and shapes, as 
delivered from the mill, do not agree precisely with 
the nominal dimensions assumed in design. Similarly 
the chemical and physical properties of the materials 
can vary within certain tolerance limits. The rules of 
classification societies specify both physical and chem- 
ical standards for various classes of shipbuilding 
materials, either in the form of minimum standards or 
a range of acceptable values. The materials actually 
built into the ship should have properties that lie within 
these specified limits, but the exact values depend on 
quality control in the manufacturing process and are 
not known in advance to the designer. Furthermore, 
there will inevitably be some degradation of material 
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physical properties caused by corrosion, for example, 
over the lifetime of the ship. 

Third, the integrity of ship construction contains a 
significant element of skill and workmanship. The de- 
signer, in performing a stress analysis, may assume 
perfect alignment and fitup of load-carrying members 
and perfectly executed welds. This ideal may be ap- 
proached by the use of a construction system involving 
highly skilled workmen, and high standards of inspec- 
tion and quality control, but an absolutely flawless 
welded joint, or a plate formed precisely to the intended 
shape and fabricated with no weld-induced distortion 
or joint misalignment, is a goal to be striven for, but 
never attained in practice. 

It will be obvious that the uncertainties involved in 
the determination of both the loads and the structural 
responses to these loads make it difficult to establish 
criteria for acceptable ship structures. In the past al- 
lowable stress levels or safety factors used by the 
designer provided a means, based upon past experience 
with similar structures, of allowing for these uncer- 
tainties. In recent years, reliability principles have 
been applied, using probability theory and statistics, 
to obtain a more rational basis for design criteria. In 
the reliability approach to design, structural response 
data, as well as load data, can be expressed and used 
in probability format. These principles are discussed 
in Section 5. 

1.6 Modes of Ship Structural Failure. Avoidance of 
structural failure is an overriding goal of all structural 
designers, and in order to achieve this goal it is nec- 
essary for the naval architect to be aware of the pos- 
sible modes of failure and the methods of predicting 
their occurrence. The types of failure that may occur 
in ship structures are generally those that are char- 
acteristic of structures made up of stiffened plate 
panels assembled through the use of welding to form 
monolithic structures with great redundancy, i.e., hav- 
ing many alternative paths for lines of stress. 

It should be noted that structural failure may occur 
in different degrees of severity. At the low end of the 
failure scale, there may be small cracks or deforma- 
tions in minor structural members that do not jeop- 
ardize the basic ability of the structure to perform its 
function. Such minor failures may have only esthetic 
consequences. At the other end of the scale is total 
catastrophic collapse of the structure resulting in the 
loss of the ship. Between these extremes are several 
different modes of failure that may reduce the load- 
carrying ability of individual members or parts of the 
structure but, as a result of the highly redundant na- 
ture of the ship structure, do not lead to total collapse. 
Such failures are normally detected and repaired be- 
fore their number and extent grow to the point of 
endangering the ship. 

Four principal mechanisms are recognized as caus- 
ing most of the cases of ship structural failure, aside 
from collision or grounding. These modes of failure 
are as follows: 
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e Excessive tensile or compressive yield. 
e Buckling due to compressive or shear instability. 
e Fatigue cracking. 

e Brittle fracture. 


The first three modes of failure are discussed in more 
detail in Section 4. The last of them, brittle fracture, 
was found to play a major role in the failure of many 
of the emergency cargo ships built during World War 
II. The causes of these failures ultimately were traced 
to a combination of factors associated with the rela- 
tively new techniques of welded construction employed 
in building the ships. The solution to the problem was 
obtained through the development of design details 
that avoided the occurrence of notches and other stress 
concentrations, together with the selection of steels 
having a high degree of resistance to the initiation and 
propagation of cracks, particularly at low tempera- 
tures. Features termed crack arrestors were incor- 
porated in order to provide fail-safe design by limiting 
the extent of propagation of any cracks that might 
actually have occurred. 

Since the control of brittle fracture is accomplished 
principally through detail design and material selec- 
tion, it is considered only briefly in this chapter. In- 
formation on these topics may be found in Taggart 
(1980), Chapters VII and VIII. 

1.7 Design Philosophy and Procedure. The devel- 
opment of completely rational structural design pro- 
cedures is being pursued in several disciplines, 
including civil, aeronautical and mechanical engineer- 
ing, as well as in naval architecture. Using such pro- 
cedures it should be possible first to formulate a set 
of requirements or criteria to be met by the structure, 
then, through the application of fundamental reason- 
ing and mathematical analysis, augmented by the in- 
troduction of certain empirical information, to arrive 
at a structural configuration and a set of scantlings 
that simultaneously meet all of the criteria. Although 
this ideal has not yet been attained, steady progress 
is being made in that direction. 

The original set of requirements imposed upon the 
ship will include the functional requirements of the 
owner and, in addition, institutional requirements such 
as those established by governmental and other reg- 
ulatory bodies concerned with safety of life, naviga- 
tion, pollution prevention, tonnage admeasurement 
and labor standards. The methods of selecting the 
overall dimensions and arrangement of the ship to 
meet these requirements have been dealt with in Tag- 
gart (1980). Thus, in designing the principal members 
of the ship structure, it may be assumed that the over- 
all dimensions of the ship and the subdivision of its 
internal volume by bulkheads, decks and tank bound- 
aries has already been determined to meet these var- 
ious requirements. The problem of structural design 
then consists of the selection of material types, frame 
spacing, frame and stiffener sizes, and plate thick- 
nesses that, when combined in this geometric config- 
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uration, will enable the ship to perform its function 
efficiently for its expected operational] lifetime. 

At this point, in selecting the criteria to be satisfied 
by the structural components of the ship, the designer 
must rely on either empirical criteria, including factors 
of safety and/or allowable stresses, or on the use of 
reliability principles discussed in Section 5. The term 
synthesis, which is defined as the putting together of 
parts or elements so as to form a whole, is often applied 
to the process of ship structural design. 

An additional element, however, is needed in order 
to complete the design synthesis: finding the optimal 
combination of the various elements. By reason of the 
complexity of ship structures, as well as the proba- 
bilistic nature of available information needed for cer- 
tain vita] inputs to the design process, it is usually 
impossible to achieve an optimum solution in a single 
set of calculations. Instead, some sort of iterative pro- 
cedure must be employed. The traditional method of 
ship structural design, involving the extrapolation of 
previous experience, can even be thought of as an 
iterative process in which the construction and oper- 
ational experience of previous ships form essential 
steps. In each new design the naval] architect takes 
into consideration this past experience and modifies 
the new design intuitively in such a way as to achieve 
an improved configuration. The successful designer 
has been one whose insight, understanding and mem- 
ory, along with skill in manual methods of structural 
analysis, resulted in consistent improvement over pre- 
vious designs in successive ships. 

Much of structural design, even when the most ad- 
vanced methods are used, consists of a stepwise proc- 
ess in which the designer develops a structural 
configuration on the basis of experience, intuition and 
imagination, then performs an analysis of that struc- 
ture in order to evaluate its performance. If necessary, 
the scantlings are revised until the design criteria are 
met. The resulting configuration is then modified in 
some way that is expected to lead to an improvement 
in performance or cost, and the analysis is then re- 
peated to insure that the improved configuration again 
meets the design criteria. Thus a key element in struc- 


Copyright © 1988 Society of Naval Architects and Marine Engineers 
Retrieved from www.knovel.com 


PRINCIPLES OF NAVAL ARCHITECTURE 


tural design is the process of analyzing the response 
of an assumed structure. The process of finding by 
synthesis a structural configuration having the desired 
performance is the inverse of analysis, and is not 
nearly so straightforward, especially in the case of 
complex structures. As a consequence, it is only after 
completing several satisfactory design syntheses that 
the process of optimization can take place. 

In summary, four key steps may be identified to 
characterize the structural design process, whether it 
be intuitive or mathematically rigorous: 

(a) Development of the initial configuration and 
scantlings. 

(b) Analysis of the performance of the assumed de- 
sign. 

(c) Comparison with performance criteria. 

(d) Redesign the structure by changing both the 
configuration and scantlings in such a way as to effect 
an improvement. 

(e) Repeat the above as necessary to approach an 
optimum. 

Formally, the final optimization step consists of a 
search for the best attainable (usually minimum) value 
of some quantity such as structural weight, construc- 
tion cost, overall required freight rate for the ship in 
its intended service (see Taggart, 1980) or the so-called 
total expected cost of the structure. The last of these 
quantities, as proposed by Freudenthal (1969), consists 
of the sum of the initial cost of the ship (or other marine 
structure), the anticipated total cost of complete struc- 
tural failure multiplied by its probability, and a sum- 
mation of lifetime costs of repair of minor structural 
damages (See also Lewis, et al, 1978). 

The search is performed in the presence of con- 
straints which, in their most elementary form, consist 
of the requirement that each member of the structure 
not fail under the expected loadings (steps 6 and ¢ 
above). Such an optimization procedure forms the basis 
for a sound, economical design, whether it be carried 
out automatically, using one of the formal mathemat- 
ical optimization schemes, or manually (with or without 
machine computational assistance for some parts of 
the process). 


Section 2 
Ship Structural Loads 


2.1 Classification of Loads. It is convenient to di- 
vide the loads acting on the ship structure into four 
categories as follows, where the categories are based 
partly upon the nature of the load and partly upon the 
nature of the ship’s response: 

(a) Static loads are loads that change only when the 
total weight of the ship changes, as a result of loading 


or discharge of cargo, consumption of fuel, or modi- 
fication to the ship itself. 

1. Weight of the ship and its contents. 

2. Static buoyancy of the ship at rest or moving. 

8. Thermal loads resulting from nonlinear temper- 
ature gradients within the hull. 

4. Concentrated loads caused by drydocking and 
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grounding. 

(b) Low-frequency dynamic loads are loads that vary 
in time with periods ranging from a few seconds to 
several minutes, and therefore occur at frequencies 
that are sufficiently low compared to the frequencies 
of vibratory response of the hull and its parts that 
there is no appreciable resonant amplification of the 
stresses induced in the structure. The loads are called 
dynamic because they originate mainly in the action 
of the waves through which the ship moves and are, 
therefore, always changing with time. They may be 
broken down into the following components: 


1. Wave-induced hull pressure variations. 

2. Hull pressure variations caused by oscillatory 
ship motions. 

3. Inertial reactions resulting from the acceleration 
of the mass of the ship and its contents. 

(c) High-frequency dynamic loads are time-varying 
loads of sufficiently high frequency that they may in- 
duce vibratory response of the ship structure. Some 
of the exciting loads may be quite small in magnitude 
but, as a result of resonant amplification, they can give 
rise to large stresses and deflections. Examples of such 
dynamic loads are the following: 


1. Hydrodynamic loads induced by propulsive de- 
vices on hull or appendages. 

2. Loads imparted to the hull by reciprocating or 
unbalanced rotating machinery. 

3. Hydroelastic loads resulting from interaction of 
appendages with the flow past the ship. 

4. Wave-induced loads due primarily to short 
waves whose frequency of encounter overlaps the 
lower natural frequencies of hull vibration and which, 
therefore, may excite appreciable resonant response, 
termed springing. 

(d) Impact loads are loads resulting from slamming 
or wave impact on the forefoot, bow flare and other 
parts of the hull structure, including the effects of 
green water on deck. In a naval ship, weapon effects 
constitute a very important category of impact loads. 
Impact loads may induce transient hull vibration that 
is termed whipping. 

The most important classes of loads are the static 
loads resulting from the ship’s weight and buoyancy, 
categories (a) 1 and 2, and the low-frequency dynamic 
loads, categories (b) 1, 2 and 3. In the following sec- 
tions, attention will be devoted mainly to the methods 
currently in use for the determination of these loads, 
with brief discussion of impact loads, (d), and spring- 
ing loads, (c) 4, which are usually found to be important 
only in very long flexible ships such as the U.S. and 
Canadian Great Lakes iron ore carriers. A discussion 
of thermal loads, (a) 3, may be found in Taggart (1980), 
Chapter VI. The determination of vibratory forces and 
responses, (c) 1, 2 and 8, is discussed generally in Vol. 
II, Chapter VI of this edition of PNA. 

In addition to the above categories, there may be 
specialized operational loads, which part or all of the 
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structure may be called upon to withstand, and which 
may be the dominant loads for some ships. These loads, 
which may be either static or dynamic, are not consid- 
ered here. Some examples are: 


e Ice loads in the case of a vessel intended for 
icebreaking or arctic navigation. 

e Loads caused by impact with other vessels, piers, 
or other obstacles, as in the case of tugs and barges. 

e Impact of cargo handling equipment, such as 
grabs or clamshells used in unloading certain bulk 
commodities. 

e Structural thermal loads imposed by special 
cargo carried at nonambient temperature or pressure. 

e Sloshing and impact loads on internal structure 
caused by movement of liquids in tanks. 

e Landing of aircraft or helicopters. 

e Accidental loads caused by collision or ground- 
ing. 

As may be seen from the brief descriptions given 
above, some of these loads may be of importance in 
all ships and other loads may be encountered only in 
specialized ships or circumstances. 

2.2 Static Loading on a Ship Afloat in Still 
Water. The static loads acting on a ship afloat in still 
water consist of two parts: buoyancy forces and grav- 
ity forces, or weights. The buoyancy is the resultant 
of the hydrostatic pressure distribution over the im- 
mersed external area of the ship. This pressure is a 
surface force whose direction is everywhere normal 
to the hull. The buoyant force is, however, the result- 
ant perpendicular to the water surface and directed 
upwards. The weights are body forces distributed 
throughout the ship and its contents, and the direction 
of the weight forces is always vertically downward. 
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These component force systems are illustrated sche- 
matically in Fig, 1. 

If we integrate the local buoyant pressures over a 
unit ship length around a cross section at a given 
longitudinal position, the resultant is a vertical buoy- 
ant force per unit length whose magnitude is given by 
pg A, where pg is the weight density of water (p is 
the mass density, or mass per unit volume) and A is 
the immersed sectional area. Similarly, we may add 
together all of the weights contained in a unit length 
of the ship at this same section, resulting in a total 
weight per unit length. The net structural load per 
unit length is the algebraic sum of the unit buoyancy 
and unit weight. For convenience, when S.I. units are 
used in this static case, all loads—both buoyancy and 
weights—can be expressed in terms of mass. See 
Chapter I. 

The individual loads may have both local and overall 
structural effects. A very heavy machinery item in- 
duces large local loads at its points of attachment to 
the ship, and its foundations must be designed to dis- 
tribute these loads evenly into the hull structure. At 
the same time, the weight of this item contributes to 
the distribution of shear forces and bending moments 
acting at all locations along the length of the hull. If 
a part of the contents of the ship is made up of liquids, 
e.g., fuel or liquid cargo, there will be hydrostatic pres- 
sure forces exerted by such liquids that are normal to 
the boundary surfaces of the tanks within which they 
are contained. These internal pressure loads may have 
important local structural effects and must be consid- 
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ered when designing the bulkheads and other tank 
boundary members. 

The geometrica] arrangement and resulting stress 
or deflection response patterns of typical ship struc- 
tures are such that it is usually convenient to divide 
the structure and the associated response into three 
components, which are labelled primary, secondary 
and tertiary. These are illustrated in Fig. 2 and de- 
scribed as follows: 

Primary response is the response of the entire hull, 
when bending and twisting as a beam, under the ex- 
ternal longitudinal distribution of vertical, lateral and 
twisting loads. 

Secondary response comprises the stress and de- 
flection of a single panel of stiffened plating, e.g., the 
panel of bottom structure contained between two ad- 
jacent transverse bulkheads. The loading of the panel 
is normal to its plane and the boundaries of the sec- 
ondary panel are usually formed by other secondary 
panels (side shell and bulkheads). 

Tertiary response describes the out-of-plane deflec- 
tion and associated stress of an individual panel of 
plating. The loading is normal to the panel, and its 
boundaries are formed by the stiffeners of the sec- 
ondary panel of which it is a part. 

From the above description it is seen that it is some- 
times necessary to know the localized distribution of 
the loads, and in other cases, depending upon the struc- 
tural response being sought, to know the distribution 
of the resultants of the local loads—for example, the 
load per unit length for the entire hull. The primary 
response analysis is carried out by hypothesizing that 
the entire hull of a ship behaves like a beam whose 
loading is given by the longitudinal distribution of 
weights and buoyancy over the hull. As in any beam 
strength computation, it is necessary first to integrate 
the loads to obtain the longitudinal distribution of the 
total shear force and then to integrate again to obtain 
the bending moment. The still-water loads contribute 
an important part of the total shear and bending mo- 
ment in most ships, to which wave-induced effects must 
be added later. 

Fig. 3 illustrates a typical longitudinal distribution 
of weight and buoyancy for a ship afloat in calm water. 
In the lower part of this figure is plotted a curve (1) 
of buoyancy force per unit length, which as noted 
previously is equal to the weight density, pg, of water 
times the sectional area. The upper curve (2) in this 
figure shows the longitudinal distribution of the 
weight force plotted according to a commonly em- 
ployed convention. In this procedure, the length of the 
ship is divided into a number of equal station spaces, 
for example the twenty or so station subdivisions that 
were used in preparing the lines drawing. All of the 
weights of hull, equipment and contents lying in the 
interval between station i and station i + 1 are added 
together and treated as a single uniformly distributed 
load over this station interval. This is essentially an 
accounting process in which every item in the ship— 
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for example, hull structure (plating, frames, weld ma- 
terial), outfit (piping, deck covering, cargo gear), pro- 
pulsion machinery, cargo and so on—is recorded and 
assigned to a station interval. The procedure must be 
performed with meticulous care and in great detail in 
order to assure accuracy. As is the case with most 
repetitive computations, it lends itself easily to ma- 
chine solution. 

The assumption of a uniform distribution of the sec- 
tional weights over the station intervals, which is im- 
plied in this step, is only an approximation to the actual 
weight distribution. Some weight items will occur as 
nearly concentrated weights in this longitudinal dis- 
tribution. For example, the weight of a transverse 
bulkhead will, in reality, be distributed longitudinally 
over a very short portion of the ship length equal to 
the thickness of the bulkhead plating. The weights of 
certain items such as large machinery components 
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(turbines, diesel engines) may be transmitted to the 
ship structure as point loads at the locations of the 
foundation bolt-down points. Similarly, cargo con- 
tainers are usually supported on fittings located under 
their corners, and their total weight is transmitted to 
the hull structure as point loads at these locations. The 
true weight distribution will, therefore, be a much 
more irregular graph than is shown in Fig. 3, and will 
consist of some distributed items and some point 
weights. It may be shown, however, that the integra- 
tions that are performed in order to obtain the shear 
and bending moment distributions from the loads tend 
to smooth out the effects of these local irregularities. 
As a consequence, any reasonably accurate loading 
distribution that maintains the correct magnitude of 
the force over a local interval that is small compared 
to the total ship length will generally lead to the correct 
shear and bending moment distributions within ac- 
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ceptable error limits. However, localized structural ef- 
fects caused by large point loads of especially heavy 
items may be analyzed separately and their effects 
superimposed on the effects of the remaining loads. 

Having determined the buoyancy and weight distri- 
butions, the net load curve (8) is the difference between 
the two. This is plotted as the third curve in Fig. 3, 
with buoyancy positive upwards. The conditions of 
static equilibrium require that the total weight and 
buoyancy be equal, and that the center of buoyancy 
be on the same vertical line as the center of gravity. 
In terms of the load curve, this requires that the in- 
tegral of the total load over the ship length and the 
integral of the longitudinal moment of the load curve 
each be equal to zero. 

As in any beam calculation, the shear force at lo- 
cation x, equal to V(x), is obtained as the integral 
of the load curve, and plotted as the fourth curve of 
Fig. 3 


Wess f BG) = we)lae (1) 


where 


b(x) = buoyancy per unit length, 
w(x) = weight per unit length. 


The bending moment at location x,, M(x,), is the 
integral of the shear curve, and is plotted as the fifth 
curve in Fig. 3, 
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In the lower parts of Fig. 3 the significance of the 
shear and bending moment, together with their sign 
conventions, is shown. If we consider a given longi- 
tudinal location, x,, the shear force is the upward force 
that the left hand portion of the ship exerts on the 
portion to the right of this location. Similarly, the bend- 
ing moment is the resultant moment exerted by the 
left hand portion on the portion of the ship to the right 
of location v,. The conditions of static equilibrium are 
seen to require that the shear force be equal to zero 
at both ends of the ship and the bending moment, 
similarly, must be zero at both ends of the ship. 

In the practical execution of the still water loading 
computation, a general ship hydrostatics digital com- 
puter program is today almost invariably employed. 
Programs, such as the U.S. Navy’s SHCP (see Chapter 
I), and others available through computer service bu- 
reaus, contain modules for performing computations 
of such quantities as hydrostatic properties, static sta- 
bility, flooding and static hull loading. A common data 
base is normally employed containing the offsets or 
other description of the hull geometry, which is re- 
quired for computing the buoyancy distribution. Sup- 
plementary data, including the weight distribution, are 
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then entered in connection with the specific computa- 
tion of the load, shear and bending moment. The prin- 
cipal task confronting the naval architect lies in 
preparing and checking the input data, and in evalu- 
ating the results of the computation. The importance 
of complete and accurate input cannot be overem- 
phasized, and it may be readily perceived that the com- 
pilation of the complete weight data required for the 
computation of the shear and bending moment at the 
final design stage is not a trivial task. This is often 
incorporated into a computer-based weight control and 
accounting system. 

In concluding this section, it should be observed that 
the static loading usually must be computed for several 
different distributions of cargo and other variable 
weights in order to obtain the extreme values of shear 
and bending moment, to be combined with other loads 
upon which to base the design of structural members. 
Furthermore, it must be borne in mind that the static 
loading will change during the course of a single voy- 
age as fuel is consumed, ballast is shifted and cargo 
is loaded and discharged at the ports visited. A time 
history of the changes in static midship stress during 
the course of an outbound voyage of a large tanker 
may be seen in Fig. 4 (Little and Lewis, 1971). Although 
it also shows stress variations due to waves and ther- 
mal effects, the large shifts in the heavy lines are the 
results of changes in salt water ballast amount and 
distribution. The recorded variations in still water 
stress, excluding temperature and wave effects, range 
from about 27.6 MPa (4 kpsi) tension to 48.3 MPa (7 
kpsi) compression. 

2.3 Wave-Induced Loads. The principal wave-in- 
duced loads are those previously referred to as low- 
frequency dynamic loads or loads involving ship and 
wave motions that result in negligible dynamic stress 
amplification. Once these quasi-static loads are deter- 
mined, the structural response in terms of stress or 
deflection may be computed by methods of static struc- 
tural analysis. 

At least four procedures of varying degrees of so- 
phistication may be used in estimating the wave-in- 
duced loads and their resultant bending moments and 
shear forces. 

(a) Approximate methods. 

In the preliminary design process it is often desirable 
to make an early estimate of the hull structural loading 
by some approximate method, perhaps before detailed 
information concerning the weight distribution or hull 
lines have been developed. Approximate methods are 
available that include semi-empirical formulations and 
quasi-static computations. 

Earlier texts on naval architecture contain descrip- 
tions of a procedure whereby the ship is imagined to 
be in a state of static equilibrium on either the crest 
or trough of a wave whose length is equal to the ship 
length, L, and height is L/20. Using the longitudinal 
distribution of buoyancy up to such a wave profile and 
an assumed weight distribution, curves of the longi- 
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Fig. 4 Typical voyage variation in stresses, R. G. Follis, in ballast 


tudinal distribution of shear force and bending moment 
may be computed, just as in the still water case. Ex- 
periments and more exact computational methods have 
shown that this highly simplified procedure overesti- 
mates the actual wave-induced bending moment for 
any given wave height by a substantial margin as a 
result of the neglect of dynamic and hydrodynamic 
effects associated with wave pressures and ship mo- 
tions. The procedure is of value chiefly when used in 
comparison with previous design data. Some of the 
currently available hydrostatics computer programs, 
such as the previously mentioned U. S. Navy’s SHCP, 
include the static wave bending moment computation 
as an option. 

Most of the classification societies now employ a 
simplified formulation to be used in estimating the 
wave-induced bending moment and shear force to be 
added to the still water moment and shear. However, 
the effective wave heights used in these formulations 
have been derived from detailed analyses that include 
the dynamic and hydrodynamic effects, and, therefore, 
are not subject to the limitations of the static wave 
computation just described. The Rules of the American 
Bureau of Shipping (1987a) define an extreme wave 
bending moment which, in conjunction with the still 
water moment and the rule permissible stress, is in- 


tended to be used in determining the required section 
modulus, 


M,=CL,L’BHK, (3) 


where 


C, and K, are tabulated coefficients depending on 
the block coefficient, 

L, Bare length and breadth of the ship, respectively. 
H is a wave height or bending moment coefficient 
dependent upon L. 


Values given in the Rules for H show a graduai tp- 
ward trend with ship length, leveling off to a constant 
value at 305m (1000 ft). 

All the constants in Equation (8) are based upon 
extensive data obtained for a large number of ships 
by a combination of computation, model tests and full- 
scale measurement. The use of a nominal wave height 
takes into consideration the response of the ship, de- 
pendent upon ship size, in combination with the se- 
verity of expected waves over the ship’s lifetime. It 
has been shown (Liu, et al, 1981) that the values pre- 
dicted by the formula are in close agreement with 
analytic predictions using North Atlantic waves and 
in agreement with other long-term estimates of the 
maximum wave bending moment for ships of average 
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proportions and form, having no unusual features of 
geometry or longitudinal weight distribution. Since it 
may be evaluated without detailed knowledge of 
weight distribution or hull geometry, it is useful for 
preliminary design estimates. When used with suitable 
allowable stresses (as given in the ABS Rules) it pro- 
vides a satisfactory empirically-based longitudinal 
strength standard for conventional ships. For further 
discussion see Taggart (1980). 

Details of U.S. Navy standards for longitudinal 
strength are classified, but a general statement is 
given by Sikora, Dinsenbacher and Beach (1983), ‘The 
primary hull girders of mild steel naval vessels are 
designed to a stress level of 8.5 t/in? (180 MPa) single 
amplitude by placing the ship on a trochoidal wave of 
height 1.1 VZBP and length = LBP,” and then by 
carrying out a conventional quasistatic calculation. 
However, in the design of unusual naval craft ad- 
vanced reliability techniques have been applied, as dis- 
cussed subsequently. 

(b) Strain and/or Pressure Measurements on Ac- 
tual Ships. 

Full-scale measurements obviously cannot be used 
to obtain specific data for a new ship design. But, 
although the results apply only to the specific ships 
studied, they are of great value in testing probability- 
based prediction methods that are described in Section 
2.7. Full-scale measurements suffer from a serious 
drawback, in addition to expense, and that is the dif- 
ficulty in accurately measuring the sea environment 
for correlation with the measured loads. While nu- 
merous attempts have been made to develop inexpen- 
sive expendable wave buoys, or shipborne wave 
instruments, a completely satisfactory instrument has 
not yet been achieved. The principal value of full-scale 
load response (stress or strain) measurements, there- 
fore, lies in the development of long-term statistical 
trends of seaway-induced hull loads from measure- 
ments carried out over a multi-year period. Since these 
trends can be related to more general long-term cli- 
matological wave data, the problem of wave sensing 
in the ship’s immediate vicinity is of less importance. 

Long-term continuous full-scale measurements on 
ships of various types and sizes have been conducted 
by several ship classification societies and research 
organizations around the world, and descriptions of 
such work may be found in Little and Lewis (1971), 
Boentgen (1976), Nordenstrom (1973) and Stambaugh 
and Wood (1981). These long-term, full-scale measure- 
ments are being used to verify theoretical predictions. 

(c) Laboratory Measurement of Loads on Models. 

In this procedure, a model geometrically and dynam- 
ically similar to the ship is equipped with instruments 
that measure vertical or horizontal shear and bending 
moment, or torsional moment, amidships and at other 
sections. This may be accomplished by recording the 
forces or deflections between several segments pro- 
duced by transverse cuts through the model. Impact 
loads can also be determined by recording pressures 
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at several points distributed over the model surface. 
The experiments are conducted in a towing tank that 
is equipped to produce either regular or random waves. 
The most versatile tanks are wide in relation to their 
length and the model may, therefore, be tested in 
oblique as well as head or following seas. 

Model test results on a model of a T-2 tanker (Nu- 
mata, 1960) show that the amidship lateral longitudinal 
bending moment may approach or exceed the magni- 
tude of the vertical longitudinal bending moment when 
running at oblique heading in regular waves. 

The model tests were run at 10 knots vessel speed 
on courses oblique to waves having an effective length 
equal to the model length, the wave length being equal 
to the model length times the cosine of wave-to-course 
angle. A wave height of 1/48 of the model length was 
used for all wave lengths to avoid excessive model 
wetness. 

It was found that the lateral bending moments were 
quite sensitive to change in wave direction and effec- 
tive wave length. The bending moment increased ap- 
proximately linearly as the heading varied from 180 
to 120 deg. The maximum moments for zero and for- 
ward speeds are at a wave direction of approximately 
135 deg. The phase lag between the lateral and vertical 
bending moments was in the region of one quarter 
cycle. 

It should be borne in mind that the effective wave 
steepness increases in changing from a head sea to an 
oblique sea. In a head sea with model-length waves 
having a ratio of 1/48, the steepness changes to 1/24 
for effective wave lengths at a 120-deg wave-to-course 
angle. 

Fig. 5 from Numata (1960) shows the relationship 
between the vertical and lateral longitudinal bending 
moments for a 120-deg wave-to-course angle, 10-knot 
vessel speed and a wave-height to model-length ratio 
of 1/48, corresponding to a full-size wave height of 
10.5 ft. 

Model tests were also run in irregular waves with 
the average height of the 10 percent highest waves 23 
ft, full size. For the same speed and wave-to-course 
angle as for regular wave tests, and an apparent wave 
length of 0.65 times the ship length, Table 1 was pre- 
pared. For comparison with the vertical bending mo- 
ments in regular waves, the values in Fig. 5 are 
increased in the ratio of the wave heights, or 23/10.5. 


Table 1—Bending moments on T-2 tanker from model tests 


Irregular waves 
average of 10% Rego waves 
highest, Ship t-m hip, t-m 


Sag? ediesccacssevectese 23,600 28,500 

HOP sic eee tes 26,700 30,400 
Lateral moment: 

Weather .............. 24,500 

Leeward .............. 23,600 
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Fig. 5 Lateral and vertical wave bending moments versus wavelength on a 
T-2 tanker model (English units} (Numata, 1960) 


The lateral and vertical longitudinal bending mo- 
ments in this model test are of approximately the same 
magnitude and do not represent the worst conditions 
that might be experienced at sea. 

The Ocean Vulcan (Admiralty Ship Com., 1958) ob- 
served lateral longitudinal bending moments of similar 
magnitude to the vertical moments in nearly all wave 
conditions. The maximum moments occurred at a 
wave-to-course angle of 110 to 140 deg. The maximum 
range of moments was 24,800 t-m (80,000 ft-tons), cor- 
responding to a stress range of 39 MPa (2.5 tons per 
sq. in.), and these moments were frequently in phase 
with the vertical bending moments. 

Early experiments of this type were intended to shed 
light on the fundamental nature of the dynamic wave- 
induced loads. More recent experiments have had the 
principal objective of providing data with which to test 
or calibrate theoretical calculation procedures of the 
type referred to in category (d) below. Such experi- 
ments are described in Lewis (1954), Gerritsma and 
Beukelman (1964) and Kim (1975), and comparisons of 
experimentally and theoretically derived structural 
loads for a high-speed ship, taken from a report by 
Kaplan et al. (1974), as shown in Fig. 6. 

While, in principle, experiments of this type could 
be carried out to evaluate the structural loads on a 
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new ship design, this is seldom done because of the 
time and expense involved. Furthermore, a number of 
computer programs are now available, based upon pro- 
cedures described in the next section. These offer the 
possibility of studying a much broader range of sea 
and load conditions than would be possible in a model 
test program and of doing so at considerably less cost. 
Hence, the principal use for model testing is to provide 
background data and verification for such computer 
techniques. 

(d) Direct Computation of the Wave-Induced 
Fluid Loads. 

In this procedure, appropriate hydrodynamic theo- 
ries used in calculating ship motions in waves are ap- 
plied to computing the pressure forces caused by the 
waves and by the ship motion in response to those 
waves. In determining the structural loads, the forces 
resulting from fluid viscosity may usually be neglected 
in comparison with the pressure forces, except for the 
ease of rolling. The total structural loading at any 
instant is then the sum of the wave pressure forces, 
the ship motion-induced pressures and the reaction 
loads due to the acceleration of the ship masses. 

Note that a preliminary step in the computation of 
the motion-dependent part of the loads is the solution 
for the rigid-body motion response of the ship to the 
wave exciting forces. Both the analysis of the hydro- 
dynamic forces and the solution for the motion re- 
sponse are discussed in detail in Chapter VII. The 
application of these techniques to the computation of 
the wave-induced shear force and bending moment in 
regular waves is outlined in the next subsection. It 
will also be shown that results for regular waves can 
be applied to the prediction of forces and moments in 
realistic irregular seas. 

In order to achieve an accurate, purely analytical 
prediction of the long-term structural behavior of a 
ship, research is continuing in the disciplines of fun- 
damental hydrodynamics, stress analysis, material fa- 
tigue, and in the accumulation of long-term wave 
statistics for the world’s oceans, as discussed in the 
following sections. 

2.4 Deterministic Evaluation of Wave-iInduced Load- 
ing. The calculation of the bending moment, shear 
force and torsional loading on a ship hull in waves 
requires a knowledge of the time-varying distribution 
of fluid forces over the wetted surface of the hull 
together with the distribution of the inertial reaction 
loads. The fluid loads depend on the wave-induced mo- 
tions of the water and the corresponding motions of 
the ship. The inertial loads are equal to the product of 
the local mass of the ship and the local absolute ac- 
celeration. The shear force and bending moment are 
then obtained at any instant by evaluating the first 
and second integrals of the longitudinally distributed 
net vertical or horizontal force per unit length. The 
expressions for these integrals are similar to those 
used in the calm water case, Equations (1) and (2), with 
the buoyancy term replaced by the time-varying fluid 
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force per unit length and the weight term replaced by 
the inertial reaction force per unit length. The results 
are additive to the calm water values. 

As previously noted, the computation of the inertial 
loads and a part of the fluid loads requires that we 
first determine the wave-induced motions of the ship. 
The solution for these ship motions and the system of 
fluid loading is most frequently accomplished today 
through the use of a procedure based on so-called strip 
theory. The details of strip theory, including the un- 
derlying assumptions and the limitations of the results, 
are developed in detail in Chapter VII. This procedure 
has been implemented in several computer programs, 
examples of which are described by Raff (1970), Sal- 
vesen, Tuck and Faltinsen (1970) and Meyers, Sheridan 
and Salvesen (1975). Strip theory programs are now 
in common use by design firms, classification societies 
and government agencies for both routine design in- 
vestigations of ship wave loading and for the inves- 
tigation of unusual loading situations that fall outside 
the range of the simplified formulas and procedures. 

The results predicted by strip theory appear to be 
in good agreement with experiments for the vertical 
motions of pitch and heave, but a somewhat lower 
degree of correlation is usually observed for the lateral 
motions of sway, roll and yaw. Corresponding to these 
motion predictions, the vertical loads, shears and bend- 
ing moments are predicted somewhat more accurately 
than the horizontal and torsional loads, shears and 
moments. It may be expected that ongoing research 
in ship hydrodynamics will result in continuing im- 
provements in the capabilities of such programs. 

We shall summarize here the principal features of 
the strip theory as it is applied to the prediction of the 
structural loading of a ship, and the reader may refer 
to Chapter VII for details of the theory as applied to 
the more general aspects of ship motion computations. 
For simplicity, we shall consider only the vertical load 
components that act on a ship proceeding into regular 
head seas, as illustrated in Fig. 7. As a result of sym- 
metry about the longitudinal vertical plane of ship and 
waves, the motions and loads will have components 
only in this plane. At any instant of time, the motion 
of the ship will consist of the time-varying motions of 
pitch, heave and surge superimposed on a mean for- 
ward velocity, JU,. 

One of the important assumptions of linear strip 
theory is that both the wave and ship motion ampli- 
tudes are, in some sense, small. As a result, it is pos- 
sible to consider the total instantaneous vertical force 
on a thin transverse strip or element of length, dz, to 
be composed of the sum of several terms that are 
computed independently of each other. Two of these 
elementary forces are the still water buoyancy and 
weight of the element of the ship length. These are 
the same forces that appear in Equations (1) and (2) 
for the still water loads, shear and bending moment, 
and we need not consider them here. The remaining 
time-varying forces result from inertial reactions and 
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Fig. 7 Nomenclature for stripwise force computations 


from the water pressures that are associated with the 
waves and the wave-induced motions of the ship. Vis- 
cous forces, which are found to be relatively unim- 
portant (except for roll damping), are ignored in 
computing the vertical loads. Within this framework, 
the vertical fluid forces on the various elements may 
be subdivided into five categories, as follows, all ex- 
pressed in force units, 

(a) A wave pressure force component computed as 
though the presence of the ship does not disturb either 
the incident waves or the dynamic pressure distribu- 
tion in those waves. This is called the Froude-Krylov 
force, 

(b) A wave pressure force component computed 
from the properties of the diffracted wave system. 
These waves result from the the reflection and distor- 
tion of the incident waves when they impinge upon the 
ship. This force represents a correction to the Froude- 
Krylov force for the disturbance introduced into the 
wave system by the presence of the ship. 


(c) A term proportional to the instantaneous ver- 
tical displacement of the element of the ship from its 
mean position, as if in calm water. This is called the 
hydrostatic restoring force and is equal to the change 
in the mean static buoyancy of the element. 

(d) A term proportional to the instantaneous ver- 
tical velocity of the element called a damping force. 

(e) A term porportional to the instantaneous ver- 
tical acceleration of the element. This is called an added 
mass force. 

The first two of these forces, when added together, 
comprise the total wave-induced exciting force, com- 
puted as though the ship moves steadily forward 
through the waves but experiences no oscillatory mo- 
tion response to the wave forces. The last three forces 
are computed as though the ship is undergoing its 
oscillatory wave-induced motion while moving at 
steady forward speed through calm water. 

In addition to forces (a) through (e) above, there 
must be added the inertial reaction force of that portion 
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of the mass (weight/g) of the ship that is contained 
in the strip, dz. If the ship’s mass per unit length is 
denoted by m(z), this reaction force is given, according 
to D’Alembert’s principle, by — m(x)a,dz, where a, 
is the component of the absolute acceleration of the 
section at 2 in the direction parallel to the ship y-axis. 
If we now denote the sum of the five component fluid 


forces acting on the strip, dx, by f(7)dz, then the total 


force at any instant is the sum of the fluid forces and 
the inertial reaction, denoted ¢(x)dz, given by 


q(x)dx = [f(x) — m(x)a,]dx (4) 


At any instant of time, the shear force, V(z,), at a 
section whose x-coordinate is x, is obtained by inte- 
grating g(x) from the after end of the ship, x = 0, up 
to the station at x = x,. The bending moment at 2, is 
obtained, in turn, by integrating the shear force, V(z), 
from x = 0 tox = x, 


ene [ " g(eide 5) 


M(x,) = le V(x) dx (6) 


Fig. 8 illustrates the different components of the load 
distribution at fixed time for an example ship moving 
in a simple sinusoidal wave of unit amplitude. In this 
figure we see that the total loading consists of a num- 
ber of terms of somewhat similar magnitude which 
may differ in sign and phase. There may be cancellation 
or reinforcement among the different components, 
with the result that the total loading may be larger or 
smaller than any individual component. This cancel- 
lation or reinforcement varies along the ship length 
and also varies with the frequency of wave encounter. 

In the foregoing discussion of the force on a ship 
section, we have described a procedure in which the 
total force is subdivided into several components, each 
of which may be computed independently of the others. 
In consequence of the assumed linearity underlying 
strip theory, it is possible to calculate shear and bend- 
ing moment in regular waves of any desired amplitude 
and frequency. Most ship motion programs contain a 
module to perform this computation at oblique head- 
ings to the waves as well as the head sea case discussed 
here. 

It is shown in Chapter VII that the component reg- 
ular wave forces depend upon the wave frequency, 
hull shape, ship speed and heading. The hydrodynamic 
coefficients of damping and added mass depend upon 
the hull shape, the ship speed and wave encounter 
frequencies. The wave forces act upon the ship at a 
frequency equal to the encounter frequency and, as a 
consequence of the linear representation of the ship 
motion response, the motions and motion-related loads 
will occur at this same frequency. In general, each 
motion or load response variable can be divided into a 
component that is in phase with the encountered waves 
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and a component out of phase with the waves. We see, 
therefore, that the structural load components g(z), 
V(x) and M(x) at a specific location, x, along the ship 
length, are sinusoidally varying quantities whose fre- 
quency equals the frequency of wave encounter and 
whose amplitude and phase vary with frequency. 

When we consider a ship sailing through a realistic, 
irregular seaway it is fortunate that linearity also ap- 
plies approximately in the description of the seaway. 
As shown in Chapter VII, the seaway can be broken 
down into a theoretically infinite number of wave com- 
ponents of various amplitudes, frequencies (lengths) 
and directions. Since by the linearity assumption the 
load responses of the ship to any regular wave com- 
ponent can be assumed to be directly proportional to 
the amplitude of that wave, the response of the ship 
to the random sea can be computed by linear super- 
position of the responses to the various seaway com- 
ponents present. As a result, the computations of the 
force, motion and loading components are initially per- 
formed for a series of elementary regular wave com- 
ponents each of unit wave amplitude and having a 
frequency equal to one of the components of the ran- 
dom seaway. The resulting unit responses are then 
weighted by the actual component wave amplitudes 
and added together in order to obtain the correspond- 
ing response spectrum in the real random seaway. This 
process of linear superposition forms the basis for 
virtually all computations of ship responses to realistic 
random seaways, and the details may be found in Sec- 
tion 4 of Chapter VII, including an example of wave 
bending moment. Results are in the form of rms values 
of shear and bending moment, from which various 
short-term statistical properties of the response can 
be derived, as discussed in Sections 2.7 and 2.8. Ex- 
tension to the computation of the extreme loadings to 
be expected during the ship’s lifetime is discussed in 
Sections 2.9 and 2.10 of the present chapter. 

If, during its lifetime, the ship operates at several 
different conditions of load distribution and draft, then 
there will be a different set of the functions q(x), V(x) 
and M(x) associated with each loading. In order for 
the naval architect to design for the most severe struc- 
tural loading that the ship will experience during its 
operating lifetime, the strip theory computations must 
be carried out for the full range of frequencies, wave 
heights and wave headings expected to be encoun- 
tered. These computations must be repeated for all of 
the combinations of speed and loading conditions at 
which the ship will operate. Many of the available 
computer programs contain the means of performing 
these multiple computations easily and efficiently. The 
more sophisticated of them also contain provisions for 
performing the superposition that yields the response 
to random seas, together with the probabilistic anal- 
ysis leading to estimates of extreme motions and loads. 

2.5 Transverse Distribution of Wave Loads. In or- 
der to compute the secondary or tertiary response of 
structural components such as panels of stiffened or 
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Fig. 9 Typical transverse wave load distributions: resultant hydrodynamic 
pressure amplitudes (Kim, 1982) 


unstiffened plating, it is necessary to know the distri- 
bution of fluid pressures and acceleration loads over 
the surface of the panel. For the purpose of analyzing 
transverse strength, therefore, the distribution of 
loads transversely around the ship section is required. 
Note that the sectional force per unit length used in 


computing the longitudinal shear and bending moment 
in the preceding section is the resultant or integral of 
this distributed load around the section. A computation 
of the wave and motion-induced distribution of pres- 
sure is given by Kim (1982) and some of his results 
are shown in Fig. 9. The two plots shown in this figure 
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give the amplitude (but not the phase) of the dynamic 
pressure variation around the midship section, and this 
includes the effects of both ship and wave motions. It 
will be noted that the pressures in the wave above the 
still waterline are not obtained, since the linear hy- 
drodynamic theory computes the fluid force on only 
the mean immersed portion of the ship. The pressure 
on this area must therefore be estimated separately. 

The greatest dynamic pressure variation is found 
near the waterline in all cases, and in beam or bow 
seas the amplitude is greatest on the side facing the 
incoming waves. The lowest amplitude of pressure var- 
iation is found in the vicinity of the keel, which will, 
however, experience the highest static pressure. 

The more complete ship motion programs used for 
the computation of the wave-induced shear and bend- 
ing moment also provide the pressure distribution over 
the hull surface. 

2.6 Wave Loads on Offshore Platforms. Many off- 
shore oil drilling and production platforms are decid- 
edly nonship-like in geometric form, but are closely 
approximated as a space-frame assembly of slender 
tubular members. The structural analysis of such a 
platform is carried out approximately by three-dimen- 
sional frame analysis methods, and the applicable loads 
require computational methods appropriate to the ge- 
ometry of the structure. Such a platform is illustrated 
in Fig. 10. A reasonably good estimate of the wave 
forces may be obtained by computing the force on each 
member as though there were no hydrodynamic inter- 
ference between members and the member in question 
were exposed to the flow field due to the combined 
wave and platform motion. 

Using a formula first proposed by Morison, et al 
(1950), the force on one member, is illustrated in Fig. 
11, and the force per unit length, /, may be approxi- 
mated by, 


qF_ ~ p 7 
ao [ pitas +8 DC, i,|u. 
D 
+ pr Cut, (1) 
where 


p = fluid pressure on the surface of the 
member computed as though the mem- 
ber does not disturb the flow, 


nm = surface outward normal vector on the 
member, 

D = diameter of member, 

C, = drag coefficient, 

Cy = added mass coefficient, 


a, = resultant velocity normal to centerline, 


@, = resultant acceleration normal to cen- 
terline, 

ds = element of circumferential arc length 
on member. 


Through the application of the method of equivalent 
linearization, the quadratic drag force term may be 
replaced by a linear drag force. The resulting analysis 
for the platform motions and structural loading now 
becomes linear and the principles of load decomposition 
and superposition that were previously applied in the 
ship case may be applied here also. The equivalent 
linear drag coefficient is found to be dependent upon 
the amplitude of the relative motion between member 
and fluid and, since the member motion depends upon 
the resultant platform motion, an iterative solution 
procedure must be employed. An application of the 
method of equivalent linearization to problems of fluid 
forces on cylindrical members is given in Paulling 


(1982). 
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Fig. 11 


The fluid force per unit length given by Equation 
(7) may be integrated over the length of each member 
and replaced by statically equivalent forces and mo- 
ments at the member ends in a manner consistent with 
the space frame method of structural analysis. The 
structural response is then obtained through the use 
of a standard finite-element or space frame computer 
program. Further discussion may be found in Paulling 
(1974). 

Standards for the structural design of offshore plat- 
forms are given in ABS (1987b), Rules for Building 
and Classing Mobile Offshore Drilling Units 
(MODUs), as well as in the Internationa] Maritime 
Organization (IMO) Code for the Construction and 
Equipment of Mobile Offshore Drilling Units. 

2.7 Probabilistic Estimate of Wave-induced Loads in 
Random Seas. The Preface to the 1967 edition of this 
book, Principles of Naval Architecture, contains the 
following statement: “Chapter IV has been rewritten 
to reflect the many developments since 1939, and to 
recognize the trend toward separate consideration of 
the static still-water bending moment and the dynamic 
wave bending moment, which is essential to the even- 
tual possibility of evaluating bending moments in a 
real sea by statistica] analysis.” This eventual possi- 
bility appears now to have been realized. Statistical 
analysis, augmented by model experiments, full-scale 
measurements and computational means, is now ac- 
knowledged to form an accepted and important part 
of the process of evaluating the bending moments and 
other loads acting on a ship in a seaway 

Many years ago Wendell P. Roop (1932) attempted 
a limited statistical approach to the problem of Jon- 
gitudinal bending loads and stresses on a naval tanker. 
Since then statistical analyses have been applied to 
full-scale naval ship stress data, as in Birmingham 
(1971). The latter was a probabilistic study in which 
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the author derived bending moment amplitudes in dif- 
ferent regular waves for seven ships from trials in 
which wave records were made. He calculated short- 
term bending moments for wave spectra representing 
different sea states, as discussed in Chapter VII, and 
then predicted lifetime loads for 14 years’ operation 
in the North Atlantic on the basis of a number of 
assumptions regarding effects of ship heading, speed, 
wave spectra, etc. More recently probability methods 
have been applied in the design of unusual naval craft, 
as in Sikara, Dinsenbacher and Beach (1988). 

Meanwhile, a continuing effort in many countries 
has been directed toward probabilistic methods of es- 
timating wave loads on merchant ships, sponsored 
and/or carried out mainly by the classification socie- 
ties, and by the Ship Structure Committee in the U.S. 
This work has been regularly summarized in the Pro- 
ceedings of the International Ship Structures Con- 
gress (ISSC). As explained in Section 2.4, the structural 
responses to random waves—as well as the motions— 
are usually predicted by the linear superposition of 
the responses to a series of elementary regular waves. 
In applying superposition, it is necessary to assume 
that the loads are linearly related to the wave ampli- 
tude even when extrapolated to the higher sea states. 
There have been several experimental investigations, 
for example, Dalzell (1968), intended to test this as- 
sumption by examining experimentally determined 
midship bending moments in waves of progressively 
increasing wave height. As shown in the Dalzell work, 
the assumption of linearity is usually found to be con- 
servative, i.e., the measured midship bending moments 
increase at a rate less than the wave amplitude in the 
range of the steeper waves. Nevertheless, it is impor- 
tant to bear in mind the assumptions and limitations 
of linear analysis when using loads that are predicted 
by means of standard linear ship motions programs. 
See Section 4 of Chapter VII, Validity of linear theory. 

Within the framework of linear ship motion theory, 
all of the wave-induced components of the hull loading, 
including the pressure at a point on the hull surface, 
the hydrodynamic load per unit length, the inertial load 
per unit length, the shear force and the bending mo- 
ment, are linearly related to the wave amplitude. When 
the principle of superposition is used in predicting the 
response to a random seaway, the methods developed 
in Chapter VII may be applied in estimating the short- 
term probabilities of response. If this estimate is of a 
load component—for example, the midship wave bend- 
ing moment—there is usually a nonzero mean still- 
water moment upon which the wave-induced moment 
is to be superimposed. The load probabilities can then 
be computed by taking into consideration the combi- 
nation of the wave-induced and the still water moment. 

The statistical quantities that are usually of concern 
in ship or platform strength investigations are divided 
into three categories: 

e Short-term mean and extreme values. 

e Long-term mean and extreme values. 


STRENGTH OF SHIPS 


e Cumulative cyclic values. 

The short-term refers to a period of time of approx- 
imately one to four hours during which it has been 
found that the sea state remains nearly uniform (i.e., 
statistically stationary) under normal climatic condi- 
tions. A discussion of the general principles of short- 
term probabilities and their application to the problem 
of hull loads is covered in the following Section 2.8. 

The second category refers to a longer time period, 
which may be measured in days or years, during which 
the sea state may vary widely from a calm to severe 
storm conditions, but the rate at which the conditions 
change is sufficiently low that the assumption of uni- 
formity is a good approximation over the period of a 
few hours. Thus, the long-term response may be 
thought of as an accumulation of short-term responses 
to different sea states, each having uniform or statis- 
tically stationary characteristics. This collection of 
short-term experiences would extend, in the case of 
ships and ocean structures, over a period of time equal 
to the useful operating life of twenty to thirty years. 
This approach is discussed in Section 2.9. 

The third item in the above list refers to the phe- 
nomenon of long-term cyclic loading that may cause 
cumulative fatigue damage to the structure. Here the 
large numbers of cycles of low to moderate levels of 
bending moment and stress may contribute as much 
damage as the fewer cycles of extreme stress. Thus 
the full range of wave-induced loading, including the 
more prevalent moderate conditions as well as the less 
frequent severe conditions, must all be considered. It 
will be shown that valuable information on cyclic load- 
ing can be derived from the second category of long- 
term data, when expressed in the probability of ex- 
ceedance format. Further discussion of fatigue is con- 
tained in Section 4.11 of the present chapter. 

2.8 Short-term Estimates of Loads in Random 
Seas. For structural design purposes we need to have 
information about the extra large or extreme values 
of load rather than some sort of average values. In 
genera] there are two approaches to the problem: 

(a) Exceedance probability, and 

(6) Extreme value theory. 

The exceedance probability estimate is simpler, for 
if we know the density function of the loads, this curve 
can be integrated to give the probability of exceeding 
different levels of load, hence the value we would ex- 
pect to be exceeded once in any number of cycles. But 
if we know the density function, we can also apply the 
principles of formal extreme value theory to obtain 
the expected highest value in any number of cycles. 
Actually the value to be exceeded once and the highest 
value are almost the same, and either is suitable for 
design purposes. 

It is shown in Section 4 of Chapter VII, Vol III, that 
the short-term statistics of maxima or peaks of any 
response, including bending moment or stress, can be 
determined from the moments of the response spec- 
trum. For practical purposes it is usually possible to 
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assume a narrow-band process, in which case the sta- 
tistics are defined by a Rayleigh density function (i-e., 
e€ = 0). The corresponding Rayleigh (cumulative) dis- 
tribution function defines the probability of not ex- 
ceeding different levels of load or stress. But here Q 
is taken to be the probability of exceeding the various 
levels. Hence, the distribution function is (1 — Q). 
Since the Rayleigh density function is: 


g(x) = [x/m,] exp [— 2?/2m,] (8) 


the exceedance probability is, 


Q(x > x) = if g(a) de = exp[—22/2m,] (9) 


+ 


Hence, the exceedance probability can be easily cal- 
culated as a function of the parameter, m,. The num- 
ber of cycles, n, at which one value is expected to 
equal or exceed x, (the return period) is, 


n = 1/Q = exp [x,?/2m,] 


The quantity m, is the statistical variance of the ran- 
dom process, equal to the zero-th moment or area un- 
der the spectrum of the process, and ./m, is the rms 
value. 

Sometimes designers prefer to work with the ex- 
pected highest value of load, which is derived in Chap- 
ter VII on the basis of the theory of extremes. In 
Section 4.5 it is shown that over the short-term the 
extreme values for the maxima of a narrow-band ran- 
dom process are given by an expression of the form, 


Y, = C, /m, (10) 


The extreme value in question, Y,, is defined as the 
expected value of the highest single excursion or max- 
imum in a sample of n excursions. C,, is a constant 
depending upon n, approximately 2.//n(n), for large 
values of n. 

As a result of the randomness of the sea and the 
ship responses, both the expected value of exceedance 
and the expected maximum value are subject to var- 
iation. Thus if many records were taken on many ships 
in the same seaway, the highest peak of some of the 
records will be greater than the expected value com- 
puted by Equation (10), and some of the values will 
be less. The one-in-z peak values will, therefore, be 
characterized by their own probability distribution hav- 
ing a dispersion about a mean value. In terms of the 
experience of a single ship undergoing a total of 2 
bending moment oscillations, the value given by (10) 
must be interpreted as an estimate of the mean or 
expected value of the highest peak. In some anal- 
yses,the modal or most probable value is used instead 
of the mean and this is given by an expression of the 
same form as (10) but with modified values of the 
coefficient, C,,. For ” larger than 1000, which is typical 
of three to four hours of wave experience, the mean 
and modal values will be nearly identical. 
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Fig. 12 Extreme values (amplitudes) for the Rayleigh distribution (« = 0) as a function of probability of being exceeded a (Ochi, 1973) 


In order to obtain a more useful estimate of the 
extreme value that reflects this randomness of the 
peaks, Ochi (1973) applied the probability of exceed- 
ance or risk parameter, a, described in Chapter VII, 
Section 4, Vol III. The estimate of the extreme peak 
value in a sequence of n excursions is still given by 
an expression of the form of (10), but the constant C, 
is now a function of a as well as n. Fig. 12 presents 
values of this modified C,, for the narrow-band random 
process as a function of the risk parameter, a. Thus 
the estimated value of the highst bending moment for 
a risk parameter of 0.01, is given by Equation (10) with 
C,, taken from Fig. 12, and this value will apply to all 
of the ships in a hypothetical] fleet of many similar 
ships. If now we were to examine bending moment 
recordings for all of the ships in the same seaway and 
extract from each record the single highest peak, we 
would find that with a = 0.01 the value estimated by 
the present procedure is exceeded by the actual mea- 
sured value in approximately one percent of the ships. 
Note that if we had estimated the most probable value 
for the bending moment peak, we would find the es- 
timated value to be exceeded by the actual value in 
approximately 63 percent of the ships. 

We have seen in Fig. 12 that C,, increases very little 
as a takes on values less than 0.01. For this reason, 
a value of a = 0.01 is sometimes considered to be 
suitable for design purposes, so long as we are con- 
cerned with a single short-term situation in which the 
sea condition (spectrum) and its duration are known. 

The above theory, applicable to short-term situa- 
tions, is of limited direct usefulness in ship design, 
since for most design purposes we must take account 


of the many different sea conditions to be encountered 
by a ship during its lifetime. However, if we were able 
to specify the spectrum of the most severe sea that a 
structure such as a fixed platform should be able to 
survive, and its duration (persistence), then we might 
predict the highest expected load by the short-term 
techniques. 

The idea of designing to a load that corresponds to 
an extrapolation of extreme waves to the highest ex- 
pected in a period of 50 or 100 years has been exten- 
sively used in civil engineering and recently in some 
branches of ocean engineering. Current practice in the 
design of offshore platforms for the North Sea is to 
design for the “100-year storm.” The wave heights 
and periods corresponding were derived by analyses 
of wave data using extreme value theory. It should be 
noted in this context that the value of the extreme 
wave is a “most probable extreme” and that again 
there is a significant probability of exceeding this level 
in the first, or subsequent, samples of length equal to 
the return period. Accordingly, some design margin 
must be built in, either in the safety factors subse- 
quently used, or in the definition of an adequate design 
return period. For example, if it is desired to fix an 
extreme for design so that there is an 80 percent prob- 
ability that the value will not be exceeded in a 20-year 
exposure, the design return period may be chosen to 
be [20/(1-0.8)] = 100 years. 

Note also that the above approach assumes that the 
highest seaway will produce the highest load. Al- 
though this may be true for a fixed platform, for ships 
and other floating structures it may not necessarily be 
true. The extreme load depends upon the response 
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characteristics of the ship or other structure, as well 
as on the expected exposure time (probability and du- 
ration of the severe sea.) 

2.9 Long-term Extreme Values. When we are con- 
cerned with the prediction of the most severe loading 
to be experienced by a ship or structure during the 
course of its entire useful lifetime, we can no longer 
assume the sea conditions or the conditions of opera- 
tion of the ship to remain constant. Sea states of vary- 
ing severity from flat calm to the most severe storm 
may be encountered and the occurrence and duration 
of sea conditions of various degrees of severity will 
depend upon the geographical and seasonal opera- 
tional profile of the ship or platform. The conditions 
of loading, speed and heading will vary from one period 
of time to another, and the influence of all of these 
variables must be included in the computation of the 
long-term extreme loading. As in the short-term case, 
it is generally not possible to obtain a single precise 
value for the highest load. Instead, the answer must 
be expressed in the form of long-term probabilities. 

There are two basic approaches—just as in the short- 
term case-—exceedance probabilities and extreme 
value theory. Although the latter approach is not suit- 
able for providing cyclic loading data for fatigue prob- 
lems, it has provided a useful method of extrapolating 
observed extreme wave or load data to the long-term 
case. See the following Section 2.10. The most common 
approach involves the estimation of probabilities of 
exceedance, or what have been called long-term dis- 
tributions (Lewis, 1967), which are synthesized initial 
distributions of response maxima, or probabilities of 
exceedance per cycle of load. 

There are currently a half dozen methods in use 
world-wide to obtain such long-term distributions, as 
summarized in Lewis and Zubaly (1981) and Stiansen 
and Chen (1982). The basic assumptions are the same 
in all these approaches, which are broadly similar to 
the “collection analyses” mentioned in Section 4.10, 
Chapter VII. In addition to the assumed linearity of 
response, a fundamental assumption made in all meth- 
ods is that in the short term the maxima of the re- 
sponse have a probability structure defined by the 
Rayleigh distribution (« = 0); that is, that in the short 
term the response is a zero-mean stationary Gaussian 
narrow-band process with maxima defined by the sin- 
gle parameter, m, = o-. The short-term probabilities 
are conditional, i.e., they assume different values for 
each value of m,. To be specific, the density may be 
written, 


Sf (x|m.) = [a/m,] exp [—2°/2m,] (11) 


where m, is the zeroth spectral moment (as treated in 
Section 2.8) representing the mean-square response of 
each short-term exposure. This single parameter, m.,, 
defining a Rayleigh distribution is considered to be a 
random variable depending upon the sea condition and 
the speed, loading and heading of the ship during each 
short-term interval. Because of the assumptions stated 
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above the following development is believed to be 
conservative. 

To obtain a long-term distribution it is necessary to 
consider many different short-term intervals, in each 
of which the response is defined by m, and can be 
calculated by the methods of Chapter VII. This is the 
way by which the geometry and characteristics of the 
ship are injected into the analysis. The factors affecting 
the value of m, include speed, V, heading, p, condition 
of loading, a measure of wave height, H, some measure 
of wave period, such as 7,,, the modal period, and 
sometimes another measure of wave spectral form or 
shape. 

In order to develop a long-term distribution in prac- 
tice, some simplifications are needed. The speed, V, 
can be eliminated by recognizing that it is not an in- 
dependent variable and specifying that for each time 
interval the speed is that which is appropriate for the 
prevailing sea condition, loading and ship-to-wave 
heading on which it depends. (Note that bending mo- 
ment is not greatly affected by ship speed, in any case.) 
The heading variable, », cannot be eliminated, but it 
is customary to assume that there is an equal proba- 
bility of all headings, statistically independent of the 
other variables. This may not be true on any one voy- 
age, but it tends to average out over many round trips. 
Finally, loading can be handled by assuming that the 
number of conditions is limited (as outbound loaded, 
ballasted return), each with a different mean (still 
water) bending moment, and that completely indepen- 
dent calculations can then be carried out for each. 
Assuming that two parameters, H and 7, suffice to 
describe the sea state, we are left with the parameters, 
p, H, and 7. 

If the above factors are assumed to be random var- 
iables, then the spectral moment, 7,, is also, and its 
probability density is conditional. Recognizing the con- 
ditional relationships between the response, x, and 77,, 
and the conditional relationship between m, and all the 
factors enumerated above, a joint long-term probabil- 
ity density of all the variables may be assumed in the 
following form: 


q(x, m,, w, H, T) 
= f(x|m,) q(m.|u, 4, T) a(n, 4, T) 


where the first factor is the short-term conditional den- 
sity of 2, Equation (11), and the second is the condi- 
tional density of m,, given the operational and 
environmental factors. Finally, the last factor is the 
joint probability density of the parameters influencing 
m 


(12) 


In order to obtain the long-term probability density 
of the response, x, Equation (12) must be integrated 
with respect to m,, uw, H and T. However, the long- 
term probability of interest is that of the response 
peaks or maxima of x exceeding some level, say 2,. 
This is obtained by integrating the long-term proba- 
bility density of x with respect to x over the interval 
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Fig. 13 Long-term probability distribution for wave-induced bending moment in S.S. Wolverine State 
corrected to average North Atlantic weather (based on Band, 1966} 


2, to infinity. Under the Rayleigh assumption, Equa- 
tion (11), this last integration may be done formally, 
so that finally the long-term probability that a response 
exceeds x, may be written, 


Qa > 24) = fff few ([—2,?/2m,] - 


mM w AH T 
q(m,|u, H, T)+ 4 (u, H, T) dm, du dH aT (18) 


After this point the development of a usable engi- 
neering procedure requires the synthesis of the con- 
ditional and joint probabilities and their integration, 
and it is here that the divergence in the several detailed 
approaches begins. We do not know the exact proba- 
bility densities of any of the factors involved, much 
less the form of their joint density. The developers of 
the various methods have had to interpret historical 
wave data, devise means of utilizing it in the required 
integrations, devise means of handling the speed, head- 
ing and loading factors, and finally have had a choice 
of the order of integration. The result is that the var- 
ious methods appear to differ more than they funda- 
mentally do. Details of a number of these methods are 
given in Bennet, et al (1962), Band (1966), Nordenstrom 
(1973), Fukuda (1970), Soeding (1974), and Mansour 
(1972). Ochi (1978) adopts a somewhat different math- 
ematical concept, which leads, however, to similar nu- 
merical results. 

Whatever the method, the final result is a numeri- 


cally defined initial distribution of the maxima in the 
great many short-term Rayleigh distributions, which 
are in effect superimposed in the synthesis. Some 
choose to plot the results on some form of probability 
paper. Fig. 13 from Band (1966), is a somewhat more 
common form of presentation. The ordinate is the level 
x, in the equation above. The abscissa is a logarithmic 
scale of Q(x > %,), or its reciprocal, n, known as the 
return period (both are shown in the figure). It is im- 
portant to note that the formulation results in the 
probability that the peak of a response excursion, cho- 
sen at random, will be greater than some level (in the 
example the probability is about 10° that the bending 
moment coefficient will exceed about 0.035). Roughly, 
the formulation involves probability per cycle of re- 
sponse. This is the reason that the computations are 
carried out to such low probabilities. The auxiliary 
scale in the figure indicates, on the basis of average 
encounter periods for the ship, approximately the cor- 
responding exposure time, and as can be noted it is 
necessary to consider probabilities less than 107 in 
order to represent ship lives and multiples thereof. 
In order to illustrate the considerations involved in 
the long-term prediction methods we will make a par- 
ticular simplification of Equation (13). Suppose the 
ranges of all the variables p, H and T are systemati- 
cally divided into discrete intervals of width such that 
the value of the variable at the center of the interval 
is representative of the variable anywhere in the in- 
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terval. With this assumption Equation (13) may be 
approximated as a summation, 


Arx>xuxz=d py p> i exp [—a,?/2m,] - 


q(m,|p, H, T)-p(p,H, T)dm, (14) 


where it is understood that the discrete central values 
of the variables are intended. The function, p(y, H, 7) 
denotes the probability that the variables p, H and T 
lie simultaneously in their respective intervals. In this 
form the conditional probability of the spectral mo- 
ment, m,, accounts for statistical variation of this pa- 
rameter about the value that would be estimated by 
considering each of the central values fixed and ap- 
plying the methods of Chapter VII, Vol III. 

Now for present purposes we may make a further 
simplifying assumption. Suppose that the intervals 
into which the ranges of the variables, », H and 7, are 
divided are sufficiently small that the spectral moment 
which can be estimated by considering the central val- 
ues of the variables fixed is also representative of the 
moment which would be obtained so long as the var- 
iables », H and T were anywhere within the bounds 
of their respective intervals. This amounts to saying 
that the spectral moment, m, is a deterministic func- 
tion of ship heading and sea state. With this assump- 
tion the conditional probability in Equation (14) tends 
toward a delta function, and when the integration with 
respect to m, is performed the expression becomes 


Q«r>a)=> py p> exp [—2,2/2m,] p (u, H, T) 
(15) 


where the notation has been streamlined to facilitate 
further development. In particular, the summations 
are over all the discrete intervals previously defined, 
and the arguments of the joint probability symbolize 
the central values defined in conjunction with Equation 
(14). Most importantly, the value of m, in the expo- 
nential is taken as a deterministic function of the cen- 
tral values of the operational and environmental 
variables. In this form the synthesis problem comes 
down to constructing a suitable discrete representation 
of the joint probability. 

In order to illustrate how this joint probability might 
be constructed we can argue as follows. We imagine 
the ship lifetime to be subdivided into a large number 
of short-term intervals, for example, 4 hours each, 
during which the conditions of loading, ship speed, 
heading, and sea state remain constant. Now, assume 
that the values of all of the parameters p, H and 7 
are known for each of these time intervals. This, in 
fact requires that we be able to predict the operational 
profile of the ship in terms of its loadings, speeds and 
headings, and the weather conditions that it will en- 
counter. The forecasting of the ship’s cargo loading, 
speed and routing is normally performed by the ship- 
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owner or designer as a part of the preliminary design 
process. The forecasting of sea and weather conditions 
that the ship will encounter depends upon the avail- 
ability of a sea state data base of suitable form and 
extent. 

In Equation (15) the sea state is represented by two 
parameters, measures of height, H and of period 7. A 
discussion of the various means, including standard- 
ized formulas, currently in use for representing spec- 
tral areas and shapes is given in Chapter VII, Vol III. 
In some spectral formulas, only one parameter, for 
instance significant height, H,,, is used to characterize 
the sea state. In others, the additional parameter, 7,, 
the zero-crossing period, or T,,,, the modal period, is 
employed, giving a somewhat more flexible means of 
representing a wide range of spectra of similar shape 
or form (i.e., “families.”) Ideally, variation in the shape 
of the spectra should also be taken into account, since 
actually measured ocean wave spectra show consid- 
erable variety—including double peaks resulting from 
superposition of waves from two or more storms. But 
for simplicity it is often assumed that two parameters 
will suffice. 

The long-term frequency of occurrence of sea states 
of different severity but of similar spectral form can 
then be expressed in terms of a joint probability den- 
sity function for H,,, and T,,. This joint probability 
density of H,,, and 7,, may be presented, for a given 
ocean area, either in the form of a table, as in Hogben 
and Lumb (1967), given in Chapter VII, or a contour 
plot or scatter diagram, an example of which is shown 
in Fig. 14. The values in the tables, or contours of the 
plot, are equal to the probability (fraction of time) that 
the sea state is characterized by the simultaneous oc- 
currence of values of H falling within the interval H, 
to H, and T falling within the interval 7, to 7,. This 
diagram would assume a single form for the spectrum 
(e.g. Bretschneider or JONSWAP). If the ship operates 
in different geographical areas having differing sea 
state characteristics, such diagrams would be required 
for each area of operation. 

A composite sea state distribution may be con- 
structed if we have such tables or diagrams for all 
parts of the ship’s route of operation, together with 
information stating the fraction of time that the ship 
spends in each area. To illustrate this synthesis, con- 
sider a tanker trading between Europe and the Persian 
Gulf via the Cape of Good Hope. The tropical portions 
of the route would be characterized by a preponder- 
ance of low sea states while the Cape region would 
have a greater portion of high sea states. A series of 
diagrams similar to Fig. 14, or a tabulation of the 
frequency of occurrence of pairs of values of H,,, and 
T,,, would be necessary to represent these extremes 
as well as the gradations of sea climates typical of 
other portions of the route. Now, since each scatter 
diagram is, in fact, a bivariate probability density func- 
tion representing the relative frequency of occurrence 


SIGNIFICANT WAVE HEIGHT IN M. 


sl 


6 10 12 14 16 18 2 
MODAL PERIOD IN SEC. 


Fig. 14 Confidence domains of significant wave height and modal period 
for the (mean) North Atlantic (Ochi, 1978) 


of sea states of all degrees of severity in the applicable 
ocean area, the integral of the diagram over all values 
of H,,, and 7,, must equal unity. The ship will, however, 
be exposed to different geographical areas for different 
periods of time during each fraction of its voyage. The 
ordinates of the scatter diagram for each area along 
the route must, therefore, be multiplied by the fraction 
expressing the proportion of time that the ship spends 
in that area. A composite diagram or tabulation for 
the entire voyage is then constructed by adding to- 
gether such weighted ordinates of all the diagrams 
representing voyage segments. Available data are dis- 
cussed in Section 2 of Chapter VII. 

For each set of values of the variables, p, Hi, Try 
we now may determine the ship load response and 
compute a value of the spectral moment, m,, of the 
loading. This computation would normally be per- 
formed using one of the standard ship motions and 
loads programs referred to earlier. The summation in 
Equation (15) is then approximated by 


Qe > x)= LEE exp (—F-) ww) paola) 


» 1/3 Tm 
(16) 
The simple product form of Equation (16) is based 


upon the assumption that all of the remaining random 
variables are statistically independent. We are in effect 
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making a superposition of many Rayleigh distribu- 
tions, weighted by the expected frequency of occur- 
rence of all combinations of the three variables. In 
order to use the results provided by Equation (16) in 
selecting a design load value, we must choose a load 
having an acceptably low probability of exceedance 
and, in concept, we may proceed somewhat as follows. 
The average period of wave encounter at sea is about 
ten seconds. In a twenty to twenty-five year lifetime, 
a ship will encounter approximately 10° waves, the 
exact value depending upon the operating profile and 
the portion of the time spent at sea. It is reasonable 
to design the structure so that the ship will be able to 
survive the highest single peak excursion of the bend- 
ing moment or other loading to be expected in that 
lifetime, thus the loading having a probability of ex- 
ceedance of once in 10® cycles would appear to be a 
reasonable target value. Equation (16) expresses the 
probability that any one oscillatory peak will exceed 
the value 2. 

However, it should be noted that the load corre- 
sponding to this probability is subject to variation, just 
as in the short-term case. Thus, during one ship life- 
time, there may be one peak value that exceeds the 
value corresponding to the 10* probability, there may 
be none or there may be several. If the ship sails for 
another twenty years in the same service, or if we 
consider a second identical ship, this 10° value may 
be exceeded one or more times again. If it is exceeded 
again, the second exceedance may be by a margin 
much greater than that experienced the first time or 
it may be less. The problem is seen to be similar to 
that of the short-term experience in which the risk 
parameter was introduced to quantify the probabilistic 
estimates of the extreme events. This random behavior 
of the expected highest peak load may be taken into 
consideration by using a procedure suggested by Karst 
in an Appendix to Hoffman and Lewis (1969). He for- 
mulates a problem that can be restated thus: to de- 
termine a bending moment (or stress) x, such that the 
probability that a ship will exceed it in its lifetime has 
a specified value P(x, > 2,), where x, is the expected 
bending moment corresponding to a lifetime of n, max- 
ima (or cycles) at Q(v@ > 2%), = 1/n;,. The specified 
probability P(x, > x,) is a risk factor or confidence 
level analogous to Ochi’s a, previously discussed. On 
the basis of a Poisson model, the approximate result 
is that the design bending moment 2, can be read at 


Q(x > 2) = P(x, > x,)- Q(x > 2), 
= Piz, > x) /n, (7) 


The procedure is illustrated in Fig. 15, which shows 
a graph of the function Q(@v > x,) = 1/n plotted in 
the usual manner. At a probability level of 10%, the 
ordinate of the curve is the expected value of load 
(midship bending moment) having this probability of 
exceedance in any one cycle. The small graph plotted 
along the vertical axis at this probability level is, sche- 
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Fig. 15 Typical long-term exceedance probability of wave-induced bending moment 


matically, the probability density function for the life- 
time 1/10® peak values. This density function 
expresses the random behavior of the highest peaks 
occuring in many records containing , peaks each. 
The boundary of the shaded portion of this probability 
density function corresponds to the one percent value, 
i.e., the shaded area is equal to one percent of the total 
area under the curve. Hence, P(x, > x,) = 0.01 = 
10°. If we extrapolate this one percent level horizon- 
tally to the left, it is found to intersect the Q(z > z,) 
curve very nearly at the probability of 10°, which is 
the value given by Equation (17). This provides a con- 
venient way of obtaining Q(x > x,) for a P(x, , x,) = 
0.01 by extrapolating the long-term curve to lower 
values of probability. The significance of the result is 
that it defines a design load that would be expected to 
be exceeded once in any one ship in a fleet of 100 similar 
vessels in the same service. 

For example, if we set P(z,>2,) equal to 0.01 and 
n, equal to 108, we find that, to a close approximation, 
the design load x, can be read at Q(x>2,) = 107?/10° 
= 10-"*. Thus it is seen that the one percent level of 
confidence is obtained by using a design load 2, cor- 
responding to the probability of exceedance Q(x>2,) 


having a value equal to the product of the risk factor 
(or confidence level) and the expected probability of 
exceedance in a ship’s lifetime of , cycles. Alterna- 
tively, the lifetime probability (risk factor) is 


P(x, >2,) = n,- Qa>2x,) (18) 


Note that Equations (17) and (18) break down, how- 
ever, when x, = %,, or Q(z>2,) = 1/n,, In this limiting 
case P(x,>2,) is 0.667 instead of P(x, >2x,) = n,- 1/ 
nm, = 1.0, as given by Equation (18). See Fig. 15. Equa- 
tion (18) is useful in calculating probability of failure 
(Section 5.3), for the risk factor P(z,>x,) can also be 
considered the probability that any one ship in a fleet 
of many similar ships will exceed the design load x, 
in its lifetime. Hence, it is sometimes referred to as 
the lifetime probability to distinguish it from the 
probability per cycle, Q(jv>zx,), or 1/n. See further 
discussion in Faulkner and Sadden (1978). 

Note also that a curve of P(x,>2,) can be obtained 
for any value of n,; by adding a new scale to the plot 
of Q(a>-2x,). For example, a scale of P(x, >x,) has been 
added at the top of Fig. 14 for n, = 10°. 

The foregoing analysis yields an estimate of the 
probable exceedance value to be expected during the 
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long period of exposure in which the full range of 
variation of speeds, headings and other variables is 
experienced. Equation (16) is based upon the Rayleigh 
distribution for the peak values of the random process, 
and, as pointed out by Ochi (1978), it does not explicitly 
contain the time of exposure. Instead, it should be 
thought of as applying to the large number of peak 
excursions roughly estimated for the ship’s lifetime. 
In order to calculate accurately the number of oscil- 
latory peaks in the time period, we proceed as follows. 
During one of the short-term intervals in which the 
variables y, A,,;, T,, remain constant, the mean num- 
ber of zero-crossings in unit time is given by 


1 Ms 


oe a (19) 


n, 


Here, m, is the second moment of the spectrum of the 
response, as defined in Section 4 of Chapter VII. It is 
consistent with the Rayleigh assumption that each zero 
crossing corresponds to one peak of the random proc- 
ess, so that Equation (19) will also give the number of 
peaks per unit time, n,. Now, if T equals the long-term 
period in hours, the total time during which a specific 
set of the variables, y,, H,, T,, will prevail is given by, 


T, = plu) pA)p(T)T (20) 
and the total number of oscillations during the time T 
oy N = TE nplu)plHp\?) (21) 


To incorporate this number into the calculation of 
the probability, Q, each term in Equation (16) must 
now be multiplied by a weighting function which is 
the ratio of the number of oscillatory peaks corre- 
sponding to each of the intervals of summation, to the 
total number of peaks given by Equation (21), 


bs 2 HD) 
‘En ppp) 


instead of 1.0, as assumed in Equation (16). Hence, the 
final result, modified to express the probability in terms 
of time, is 


Q(x > x,) 
= LL Lx Ep (s-)Pweennr) 


Lewis and Zubaly (1981) evaluated an example which 
indicates that the result obtained by (16) and (22) are 
nearly the same for the example containership. This 
is explained by noting that the higher bending moment 
values generally occur in head seas corresponding to 
the greater number of peaks, or higher mean fre- 
quencies of oscillation. The loadings in following seas 
are generally much lower and make very little contri- 
bution to the overall probabilities. 

The foregoing procedure leads to an estimate of the 
long-term exceedance values that takes into consid- 


(22) 
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eration all of the different sea conditions the ship may 
encounter during its lifetime. The weighted summation 
includes contributions from low sea states that occur 
frequently but individually have low probabilities of 
causing extreme events and from high sea states, each 
of which has a high probability of causing an extreme 
event but which occur relatively infrequently. As a 
result of the wide range of conditions to be included 
in a computation of this nature, it is seen that consid- 
erable computational resources will be required. 

For the problem of determining cyclic loading for 
fatigue design, it is important to note that the long- 
term distribution discussed here can provide basic in- 
formation. Fig. 18 shows such a distribution, with a 
scale of probability and number of cycles at the bottom. 
If the life of the ship for fatigue studies is assumed 
to correspond to 10® cycles, a new reversed scale is 
constructed, as shown at the top, giving the number 
of cycles expected to reach any specified level of bend- 
ing moment. 

2.10 Extrapolation of Observed Extremes. An al- 
ternate approach to the problem of design loads con- 
siders only the largest maxima (extremes) in short- 
term samples— instead of all maxima. Applications of 
the theory of extreme values are presented in Sections 
2 and 4 of Chapter VII, to situations in which the initial 
distribution is known in closed form, as in the case of 
a stationary zero-mean Gaussian process such as a 
wave record or a record of short-term ship response 
to a seaway. The theory can also be applied and ex- 
tended to the case of extrapolation of long-term his- 
torical] data in the form of records of either waves or 
ship responses. 

If historical data on the extremes (i.e., highest val- 
ues) in many samples from a population are available, 
the classical approach of Gumbel (1958) may be utilized 
to forecast extremes likely to occur in the future. Be- 
cause the density function of extremes tends to be 
more concentrated than the initial density, asymptotic 
forms of the density of extremes may be derived that 
depend more upon the general properties of the initial 
density than the detail. Jasper (1956) and Yuille (1963) 
are among the early marine examples of application 
of this approach, where historica] data are fitted to an 
assumed distribution of extremes. Fig. 16 from Yuille 
(1963) is included to illustrate the method. In this par- 
ticular case the data were the daily readings of a me- 
chanical maximum reading strain gauge installed in a 
warship. Each reading is the maximum stress range 
experienced in a day at sea, and thus may be inter- 
preted as the extreme in a one day sample. To analyze 
a set of N such observations they are arranged in order 
of increasing magnitude and numbered m= 
1,2,... +N, thus converting the original sequential 
observations to Order Statistics. The fractions: m/ 
(N+1) for m=1,N are computed and these represent 
an estimate of the probability distribution correspond- 
ing to each level of observation. The next step is to 
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Fig. 16 Results from typical maximum reading strain gage (Yuille, 1963) 


assume an analytical distribution and fit the data. The 
distribution assumed in the example, Fig. 16, was the 
first asymptotic distribution of extremes (Gumbel, 
1958). The usual way of fitting the data is to use a 
probability paper appropriate to the assumed distri- 
bution. 

The fractions are plotted upon such a paper in Fig. 
16, where the stress range is the ordinate and the 
distorted frequency or probability scale is the abcissa. 
The probability scale in any probability paper is dis- 
torted in such a way that the theoretical distribution 
plots as a straight line. Thus fitting the data to the 
assumed distribution amounts to fitting the best 
straight line shown in the example. The dashed lines 
in the figure are confidence limits. In the example 
they were derived so that if the scatter of the data 
points about the fitted straight line be due to random 
errors, 68 percent of the data points may be expected 
to fall within the dashed lines, and these lines provide 
a statistical criterion for the adequacy of the fit of 
observation to the assumed theoretical distribution. 
Extrapolation of the data so as to forecast extremes 
that are likely to occur in future samples is done simply 
by extending the fitted straight line to higher proba- 
bility levels. It should be noted with respect to the 


detail of the fit in Fig. 16 that the data appear to deviate 
from the straight line systematically. This raises the 
point that no one of the several analytical distributions 
that may be assumed is guaranteed to be best relative 
to a given set of data. Indeed, better fits to this par- 
ticular set of data have been made (Ochi and Bolton, 
1973). The art in the approach is to find the best an- 
alytical approximation. The Weibull distribution has 
been found to be useful for this purpose (Nordenstrém, 
1978). 

An interesting hybrid approach to the design load 
problem is discussed in detail in a paper by Ochi (1978). 
Instead of integrating over all conceivable sea states, 
the most severe conditions likely to occur and their 
persistence (duration) are derived from historica] data 
and the short-term extreme theory of Section 2.8, with 
appropriate risk factor, is applied only to the responses 
to these severe seas. In Ochi (1978) some comparisons 
made with results obtained by the long-term weighted 
summation method show good agreement. The method 
depends for its success on the user’s covering a suf- 
ficient number of severe seas, considering their prob- 
abilities and persistences, to clearly establish the 
“most extreme” response. For most ship design prob- 
lems the long-term approach described previously is 
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Mariner, Sea State 7, significant wave height 25 ft, ship speed 7.4 knots, 
light draft (all above Ochi and Motter 1973) 


recommended, since it provides more complete infor- 
mation, such as cyclic loading data for fatigue. The 
further use of probability-based wave loads in design 
is discussed in Section 5 on Reliability of Structures. 
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2.11 Dynamic Loads. (a) Springing. An important 
effect of sea waves on some ships is the excitation of 
random hull vibration that may continue for extended 
periods of time. This phenomenon, known as spring- 
ing, has been noticed particularly in Great Lakes bulk 
carriers (Matthews, 1967), but it has also been reported 
on large ocean-going ships of full form (Goodman, 
1971). The explanation is that long ships of shallow 
draft and depth are comparatively flexible in longitu- 
dinal bending and consequently have unusually long 
natural periods of vertical hull vibration (two-noded 
periods of 2 sec or longer). Experimental and theoret- 
ical studies (Hoffman and van Hooff, 1973, 1976) con- 
firmed that when such a ship is running into 
comparatively short waves that give resonance with 
the natural period of vibration, significant vibration is 
produced. A corresponding fluctuation in stress amid- 
ships is therefore superimposed on the quasi-static 
wave bending stress. 

The well-developed strip theory of ship motions has 
been applied to springing in short waves (Goodman, 
1971). Although motions of a springing ship may then 
be very small, the theory provides information on the 
exciting forces acting on the ship in the short waves 
that produce springing. Hence, when these forces are 
applied to the ship as a simple beam the vibratory 
response can be predicted. Despite the fact that strip 
theory is not rigorously applicable to such short waves, 
results for one ocean-going ship were found to agree 
quite well with full-scale records. Further coordination 
between theory and experiment has been attempted 
for Great Lakes ships, including model tests where 
idealized wave conditions can be provided (Hoffman 
and van Hooff, 1973, 1976; Stiansen, et al, 1977; 
Troesch, 1984a). 

If the waves that excite springing were regular in 
character, the springing could be avoided by a smal] 
change in speed. But in a real seaway containing a 
wide range of frequencies the springing varies in a 
random fashion and a speed change may have little 
effect. The springing excitation and response can then 
be treated as stochastic processes that can be handled 
by the techniques discussed in Section 4 of Chapter 
VII. However, it has been shown by Kumai (1974) and 
Troesch (1984b) that longer waves in the spectrum can 
also excite the hull vibration. This introduces non-lin- 
ear aspects that are important to consider in relation 
to structural responses. (See Section 4.10). 

(b) Slamming Loads. When a ship operates at high 
speeds, especially in head seas, the bow may occa- 
sionally emerge from one wave and re-enter the next 
wave with a heavy impact or slam as the bottom for- 
ward comes in contact with the water. Related phe- 
nomena are associated with the impact of large waves 
on the bow topsides having pronounced flare and with 
green water on deck coming in contact with the front 
of a deckhouse or superstructure. In each case the 
phenomenon involves the impact at high relative ve- 
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locity between the free surface of the nearly incom- 
pressible water and a portion of the ship’s structure. 

Two noticeable effects may be caused by bottom 
slamming. There may be localized structural damage 
in the area of the bottom that experiences the highest 
impact pressure. This may include set up plating and 
buckled internal frames, floors and bulkheads. A sec- 
ond effect of slamming is a transient vibration of the 
entire hull in which the principal contribution comes 
from the fundamental two-noded vertical mode. This 
slam-induced vibration is termed whipping, and it may 
result in vibratory stress intensities that are equal in 
magnitude to the wave-induced low-frequency bending 
stresses. See Fig. 17. 

Ochi (1964) has concluded that slamming is possible 
if two conditions are fulfilled simultaneously: 

1. The forefoot must emerge above the surface of 
the waves. 

2. At the time of re-entry, the relative velocity be- 
tween the ship bottom and the water must exceed some 
threshold value. From model experiments, the thresh- 
old velocity was found to be 3.6m per sec (12 ft per 
sec) for the Mariner class cargo ship. 

The intensity of whipping depends upon the mag- 
nitude of the force resulting from the impulsive pres- 
sure of the slam, on its longitudinal location and on 
the duration of the force pulse. Much of the available 
information on the intensity of pressure, p, resulting 
from slamming has been obtained from model tests. 
These have been performed with two-dimensional 
models in calm water, with full three-dimensional 
models in calm water, and with full models moving 
through waves. Fig. 18, from Ochi and Motter (1973), 
contains a compilation of such model test data. These 
results are usually fitted to a curve of the form given 


by, 
p= kv (23) 


where v is the relative vertical velocity. The coefficient 
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kis shown for the three types of tests in the figure. 

The impact pressure is distributed over an area of 
the ship bottom in the immediate vicinity of the point 
of re-entry, and is typically a maximum on the cen- 
terline at any instant of time. Higher pressures are 
found to occur where the bottom is nearly flat. The 
total force is then given by the integral of this pressure 
over the area of bottom on which it acts. As the ship 
forefoot re-enters the water, the point of maximum 
pressure tends to move toward the bow. At a given 
station along the length, the duration of the pressure 
pulse is typically a few tens of milliseconds, but as a 
result of the movement of the re-entry location, the 
pressure pulse moves also, meanwhile maintaining its 
peak intensity. The total duration of the force pulse 
that the ship experiences will, therefore, be several 
times as great as the pulse duration at a single station. 
This space-time behavior of the force is illustrated in 
Fig. 19 from Ochi and Motter (1978). 

The prediction of the occurrence of slamming, and 
of the resulting pressures on the hull, are considered 
in greater detail in Section 5 of Chapter VII, Vol III. 
The determination of local structural response and 
whipping stress is discussed in Section 4.10 of this 
chapter. 

(c) Inertial loads on components. The accelera- 
tions resulting from the motions of a ship in a seaway 
produce forces (or inertial reactions) on local compo- 
nents of the ship, as well as on personnel, cargo and 
liquids in tanks. Consequently the magnitudes of these 
forces are often needed for the design of local struc- 
ture, foundations, lashings, securing devices, etc. For 
such purposes the estimated maximum values of the 
forces may usually be considered as static design 
loads, because of the relatively long periods of ship 
motion amplitudes. See Section 4 of Chapter VII 
(Forces due to ship motions) in Vol III. 

Hull vibrations caused by machinery or propeller 
action may in some cases cause resonant response of 
structural components, Chapter VI, Vol. II. 


Section 3 
Analysis of Hull Girder Stress and Deflection 


3.1 Nature of Ship Structural Reactions. The reac- 
tions of structural components of the ship hull to ex- 
ternal loads are usually measured by either stresses 
or deflections. Structural performance criteria and the 
associated analyses involving stresses are referred to 
under the general term of strength while deflection- 
based considerations are referred to under the term 
stiffness. The ability of a structure to fulfill its purpose 
may be measured by either or both strength and stiff- 
ness considerations. The strength of a structural com- 
ponent would be termed inadequate and structural 


failure would be deemed to have occurred if the ma- 
terial of which the component is constructed experi- 
ences a loss of load-carrying ability through fracture, 
yield, buckling, or some other failure mechanism in 
response to the applied loading. Excessive deflection, 
on the other hand, may also limit the structural effec- 
tiveness of a member, even though material failure 
does not occur, if that deflection results in a misalign- 
ment or other geometric displacement of vital com- 
ponents of the ship’s machinery, navigational 
equipment, or weapons systems, thus rendering the 
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system ineffective. 

The present section will be concerned with the de- 
termination of the response, in the form of stress or 
deflection, of structural members to the applied loads. 
Once these responses are known it is necessary to 
determine whether the structure is adequate to with- 
stand the demands placed upon it, and this requires 
consideration of the several possible failure modes, 
as discussed in detail in Section 4. 

In analyzing the response of the ship structure it is 
convenient to subdivide the structural response into 
categories logically related to the geometry of the 
structure, the nature of the loading and the expected 
response. Appropriate methods are then chosen to ana- 
lyze each category of structural component or re- 
sponse, and the results are then combined in an 
appropriate manner to obtain the total response of the 
structure. 

As noted previously, one of the most important char- 
acteristics of the ship structure is its composition of 
an assemblage of plate-stiffener panels. The loading 
applied to any such panel may contain components in 
the plane of the plating and components normal to the 
plane of the plating. The normal components of load 
originate in the secondary loading resulting from fluid 
pressures of the water surrounding the ship or from 
internal liquids, and in the weights of supported ma- 
terial such as a distributed bulk cargo and the struc- 
tural members themselves. The in-plane loading of the 
longitudinal members originates mainly in the primary 
external bending and twisting of the hull. The most 
obvious example of an in-plane load is the tensile or 
compressive stress induced in the deck or bottom by 
the bending of the hull girder in response to the dis- 
tribution of weight and water pressure over the ship 
length. 

The in-plane loads on transverse members such as 
bulkheads result from the edge loads transmitted to 
these members by the shell plate-stiffener panels and 
the weights transmitted to them by deck panels. In- 
plane loads also result from the local bending of stiff- 
ened panel components of structure. For example, a 
panel of stiffened bottom plating contained between 
two transverse bulkheads experiences a combined 
transverse and longitudinal] bending in response to the 
fluid pressure acting upon the panel. This panel bend- 
ing, in turn, causes stresses in the plane of the plating 
and in the flanges of the stiffening members. Finally, 
the individual panels of plating contained between 
pairs of stiffeners undergo bending out of their initial 
undeformed plane in response to the normal fluid pres- 
sure loading. This results in bending stresses parallel 
to the plane of the plate, and the magnitudes of these 
stresses vary through the plate thickness. 

In order to perform an analysis of the behavior of 
a part of the ship structure, it is necessary to have 
available three kinds of information concerning the 
structural component: 
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e The dimensions, arrangement and material prop- 
erties of the members making up the component. 

e The boundary conditions on the component, i.e., 
the degree of fixity of the connections of the compo- 
nent to adjacent parts of the structure. 

e The applied loads. 

It is possible, in principle, using a computer-based 
method of analysis known as the finite-element 
method, to analyze the entire hull at one time without 
the necessity of such subdivision into simpler compo- 
nents. There are at least two reasons, however, for 
retaining the subdivision into simpler components: 

e By considering the structural behavior of indi- 
vidual components of structure and their interactions 
with each other, a greater understanding is developed 
on the part of the naval architect of their functions, 
and this leads to improved design. 

e Many of the problems facing the practicing naval 
architect involve the design or modification of only a 
limited part of a ship, and a full-scale analysis would 
be neither necessary nor justified. 

A brief introduction to the finite element procedure 
is given in Taggart (1980), Chapter VI. It is a powerful 
tool that is widely and routinely used in most aspects 
of modern structural analysis, and standard computer 
programs are available from computer service bureaus 
and a number of other sources. 

As noted in the previous section, it is convenient to 
subdivide the structural response into primary, sec- 
ondary and tertiary components, and we shall here 
examine these components in detail. Note that the pri- 
mary and secondary stresses in plate members are 
membrane stresses, uniform (or nearly uniform) 
through the plate thickness. The tertiary stresses, 
which result from the bending of the plate member 
itself, vary through the thickness, but may contain a 
membrane component if the out-of-plane deflections 
are large compared to the plate thickness. 

From this we see that the resultant stress at a given 
point in the ship structure is composed of several parts, 
each of which may arise from a different cause. In 
many instances, there is little or no interaction among 
the three (primary, secondary, tertiary) component 
stresses or defiections, and each component may then 
be computed by methods and considerations entirely 
independent of the other two. The resultant stress, in 
such cases, is obtained by a simple superposition of 
the three component stresses. An exception occurs if 
the plate (tertiary) deflections are large compared to 
the thickness of the plate. In this case the primary and 
secondary stresses will interact with this tertiary de- 
flection and its corresponding stress, so that simple 
superposition may no longer be employed to obtain the 
resultant stress. 

Fortunately for the ship structural analyst, such 
cases rarely occur with the load magnitudes and mem- 
ber scantlings used in ships, and simple superposition 
of the three components may usually be performed to 
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Fig. 20 Shear and bending moment study on tanker Ventura Hills (Vasta, 1958) 


obtain the total stress. In performing this superposi- 
tion, the relative phasing in time of the components 
must be kept in mind if the components represent 
responses to time-varying loads such as those caused 
by waves. Under such circumstances, for a particular 
location in the structure such as a point in the bottom 
plating, the maximum value of the primary stress may 
not necessarily occur at the same instant of time as 
the maximum of the secondary or tertiary stress at 
that same location. 

3.2 Primary Direct Stress. The structural members 
involved in the computation of primary stress are, for 
the most part, the longitudinally continuous members 
such as deck, side, bottom shell, longitudinal bulk- 
heads, and continuous or fully effective longitudinal 
primary or secondary stiffening members. By our orig- 
inal definition, however, primary stress also refers to 
the in-plane stress in transverse bulkheads due to the 
weights and shear loads transmitted into the bulkhead 
by the adjacent decks, bottom and side shell. 

Elementary Bernoulli-Euler beam theory is usually 
utilized in computing the component of primary stress 
or deflection due to vertical or lateral hull bending 
loads. In assessing the applicability of this beam theory 
to ship structures, it is useful to restate the underlying 
assumptions: 

e The beam is prismatic, i.e., all cross sections are 
the same. 

e Plane cross sections remain plane, and merely 
rotate as the beam deflects. 

e Transverse (Poisson) effects on strain are ne- 
glected, 

e The material behaves elastically, the moduli of 
elasticity in tension and compression being equal. 


e Shear effects (stresses, strains) can be separated 
from and do not influence bending stresses or strains. 

Many experiments have been conducted to investi- 
gate the bending behavior of ships or ship-like struc- 
tures as noted, for example in Vasta (1958). The 
results, in many cases, agree quite well with the pre- 
dictions of simple beam theory, as shown in Fig. 20 
taken from the Vasta paper, except in the vicinity of 
abrupt changes in cross section. 

In way of deck openings, side ports, or other changes 
in the hull cross sectional structural arrangements, 
stress concentrations may occur that can be of deter- 
mining importance in design of the structural mem- 
bers. Proper design calls for, first, the avoidance where 
possible of abrupt change in geometry, and, second, 
the introduction of compensating structural reinforce- 
ments such as doubler plates where stress concentra- 
tions cannot be avoided. In most cases, serious stress 
raisers are associated with local features of the struc- 
ture, and the design of such features is treated in 
greater detail in Chapter VII of Taggart (1980). 

Since stress concentrations cannot be avoided en- 
tirely in a highly complex structure such as a ship, 
their effects must be included in any comprehensive 
stress analysis. Methods of dealing with stress con- 
centrations are presented in Section 3.14 of this chap- 
ter. 

The derivation of the equations for stress and de- 
flection under the assumptions of elementary beam 
theory may be found in any textbook on strength of 
materials, for instance, Timoshenko (1955). The elastic 
curve equation for a beam is obtained by equating the 
resisting moment to the bending moment, M, at section 
2, all in consistent units, 
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Y a(x) =LOAD DISTRIBUTION 
) 
POSITIVE BENDING MOMENT 
Fig. 21 
d’w 
EI —; = Mx 24 
a (24) 
Where: 


w is deflection (Fig. 21), 

E is modulus of elasticity of the material, 

I is moment of inertia of beam cross section about 
a horizontal axis through its centroid. 


This may be written in terms of the load per unit 
length, g(x), as 


d‘w 


BI (25) 


= g(x) 


The deflection of the ship’s hull as a beam is, ob- 
tained by the multiple integration of either of Equa- 
tions (24) or (25). It may be seen that the deflection— 
hence stiffness against bending—depends upon both 
geometry (moment of inertia, 7) and elasticity (£). 
Hence, a reduction in hull depth or a change to a 
material such as aluminum (£ approximately 1/3 that 
of steel) will reduce hull stiffness. 

Since flexibility is seldom a problem for hulls of 
normal proportions constructed of mild steel, primary 
structure is usually designed on the basis of strength 
considerations rather than deflection. However, clas- 
sification society rules deal indirectly with the problem 
by specifying a limit on L/D ratio of 15 for oceangoing 
vessels and 21 for Great Lakes bulk carriers (which 
experience less severe wave bending moments.) De- 
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signs in which L/D exceeds these values must be 
“specially considered.” There is also a lower limit on 
hull girder moment of inertia, which likewise has the 
effect of limiting deflection—especially if high- 
strength steels are used. An all-aluminum alloy hull 
would show considerably less stiffness than a steel hull 
having the same strength. Therefore, classification so- 
cieties agree on the need for some limitation on de- 
flection, although opinions differ as to how much. 

Coming to strength considerations now, we note that 
the plane section assumption together with elastic ma- 
terial behavior results in a longitudinal stress, o-,, in 
the beam that varies linearly over the depth of the 
cross section. The condition of static equilibrium of 
longitudinal forces on the beam cross section is sat- 
isfied if o, is zero at the height of the centroid of the 
area of the cross section. A transverse axis through 
the centroid is termed the neutral axis of the beam 
and is a location of zero stress and strain. Accordingly, 
the moment of inertia, J, in Equations (24) and (25) is 
taken about the neutral axis. 

The longitudinal stress in Section zx is related to the 
bending moment by the following relationship, as il- 
lustrated in Fig. 21. 

_ z (26) 
It is clear that the extreme stresses are found at the 
top or bottom of the beam where z takes on its nu- 
merically largest values. The quantity SM = J/z,, 
where z, is either of these extreme values, is termed 
the section modulus of the beam. The extreme stress, 
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deck or bottom, is given by’ 


_ _ M@) 
7% SM 


The sign of the stress, either tension or compression, 
is determined by the sign of z,. For a positive bending 
moment the top of the beam is in compression and the 
bottom is in tension. 

The computation of the section modulus for a ship 
hull cross section, taking into consideration all of the 
longitudinally continuous, load carrying members, is 
described in Section 3.3. 

Two variations on the above beam equations may 
be of importance in ship structures. The first concerns 
beams composed of two or more materials of different 
moduli of elasticity, for example, steel and aluminum. 
In this case, the flexural rigidity, EZ, is replaced by 
Sa H(a)2’ aA, 


where: 


(27) 


A is cross sectional area, 
E(z) is modulus of elasticity of an element of area 
dA located at distance z from the neutral axis. 


The neutral axis is located at such height that 


[ B@)2da = 0 (28) 


A second related modification may be described by 
considering a longitudinal strength member composed 
of thin plate with transverse framing. This might, for 
example, represent a portion of the deck structure of 
a transversely framed ship. Let us consider one module 
of a repeated system of deck plate plus transverse 
frame, as shown in Fig. 22, that is subject to a lon- 
gitudinal stress, o,, from the primary bending of the 
hull girder. As a result of the longitudinal strain, ¢,, 
which is associated with o, there will exist a trans- 
verse strain, «,. For the case of a plate that is free of 
constraint in the transverse direction, the two strains 
will be of opposite sign and the ratio of their absolute 
values, given by |e,/e€,| = v, is a constant property of 
the material. The quantity v is called Poisson’s Ratio 
and, for steel, has a value of approximately 0.3. 

In the module of deck plating shown in Fig. 22, the 
transverse beams exert some restraint against this 
transverse strain, with the result that stresses of op- 
posite sign are set up in both the beam and plate. 
Equilibrium of the transverse force resultants of these 


stresses for the module is expressed as 
GA+o,A, = 0 (29) 
where: 
A = cross sectional area of one stiffener 


* First stated by C. A. de Coulomb, French physicist, based on 
beam theory of Jakob Bernoulli and L. Euler. 
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A, = cross sectional area of one module of plating. 

@ and oa, are defined in Fig. 22. 

Hooke’s Law, which expresses the relation between 
stress and strain in two dimensions, may be stated in 
terms of the plate strains: 


(30) 


€, = Z(o, ~— voz) 

In the plate-stiffener field, there will be equality of 
strain at the joint of plate to stiffener. If the stiffeners 
are closely spaced, this is assumed to be applied, on 
the average, to the entire plate field and the procedure 
is sometimes referred to as a smearing of the effect 
of the stiffeners. The stiffeners themselves are as- 
sumed to behave as one-dimensional elastic members. 
The above equality of strain, therefore, requires 


c=o,- v0, (31) 


if the plate and bar are of the same material. 

If o and o, are eliminated from Equations (29), (31) 
and the first of (80), the relation between longitudinal 
stress and strain in the plate may be written 


On 1l+r 
é, 1+7(1 — v’) 


Here r = A/A, is the ratio of stiffener to plate area 
per module. 

Thus, even though the entire cross section may be 
constructed of material having the same £, the section 
behaves as though it were a composite section if the 
stiffener size and/ or spacing varies around the section. 
Note that the stress in the cross section is affected by 
the above phenomenon through a change in the posi- 
tion of the neutral axis compared to the unstiffened 
plate. The stiffness against bending is seen to be af- 
fected by both the geometry, through the moment of 
inertia, and the apparent modulus of elasticity. While 
these effects are usually insignificant in the static anal- 
ysis of ship structures, they may be of importance in 
vibration analysis. 


(32) 
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Fig. 22 Module of stiffened deck plote 
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Table 2—Section Modulus Calculation (English Units) 


Moment of Inertia of Midshi 


Section Cargo Vessel 563 ft 7/ in. x 528 ft 6 in. x 76 mA Oin. x 44 ft 6 in. 


Assumed Neutra] Axis = 20 ft 0 in. WL = Design Draft = 31 ft 6 

Member Scantling a d, ad, a h Io 

Granwale angle 8x8x 1 15.00 24.79 371.85 9,218.08 

Main deck plating 276 X 1.125 310.50 24.92 7,737.66 192,820.49 

Main deck strap 13.5 x 1.125 15.19 25.25 383. 9,684.64 

Second deck petals 276 x 0.5625 155.25 15.54 2,412.59 37,491.65 
Sheer strake 60 x 0.8125 48.75 28.00 1,121.25 25,788.75 5 101 
Side shell 246.5 x 0.7187 175.36 10.28 1 802. 27 18,527.34 20.54 6,169 

298,580.95 6,270.00 

Li, 6,270.00 

Total above 20 ft 0 in. WL 720.05 13,829.17 — _- 299,800.95 
Side shell 123 x 0.7187 88.40 5.24 463.22 2,427.27 10.25 775 
Bilge strake 195 x 0.8125 158.44 17.25 2,733.09 47,145.80 9.65 1228 

Bottom shell 315.5 x 0.8125 256.34 20.04 5,187.05 102,946.48 

Flat keel 26.5 x 1.00 26.50 20.04 531.06 10,642.44 

I.B. margin 53 x 0.5937 31.48 15.08 472.34 7,100.02 

I.B. center strake 26.5 x 0.5937 15.71 15.08 236.12 3,548.88 

LB. plating 365.5 x 0.50 182.75 15.06 2,752.22 41,448.43 
C.V. keel 59 x 0.5937/2 17.49 17.50 306.08 5,356.40 4.91 33 
Inboard longitudinal girder 59 x 0.5312 31.34 17.50 548.45 9,597.88 4,91 67 
Outboard longitudinal girder 59 x 0.4062 23.97 17.50 419.48 7,340.90 4.91 48 
287,554.55 2,051 

Li, 2,051.00 

Total below 20 ft 0 in. WL 830.37 13,598.12 289,605.55 

A = 3a = 1,550.42 Zad, = 231.05 J, = 539,406.50 


231.05 
d, = sara = 0.149 
I/2 = 539,406 — 34.48 = 589,372 
Top C= 2459 — 0.149 = 24.44 


3.3 Calculation of Section Modulus. An important 
step in routine ship design is the calculation of midship 
section modulus. As defined in connection with Equa- 
tion (27), it indicates the bending strength properties 
of the primary hull structure. The standard calculation 
is described in ABS (1987a), Section 6: “The section 
modulus to the deck or bottom is obtained by dividing 
the moment of inertia by the distance from the neutral 
axis to the molded deck line at side or to the base line, 
respectively.” See Fig. 23. 

“In general, the following items may be included in 
the calculation of the section modulus, provided they 
are continuous or effectively developed. 

e Deck plating (strength deck and other effective 
decks). 

e Shell and inner-bottom plating. 

e Deck and bottom girders. 

e Plating and longitudinal stiffeners of longitudinal 
bulkheads. 

e Alllongitudinals of deck, sides, bottom and inner 
bottom. 

e Continuous longitudinal hatch coamings.” 


A X dg = 1550.42 x 0.149? = 34.43 


I = 539,372 x 2 = 1,078,744 
Bottom C = 20.08 + 0.149 = 20.23 


Bottom = avian = 53,323 


Cc 20.23 


The designation of which members should be con- 
sidered as effective is subject to differences of opinion. 
The members of the hull girder of a ship in a seaway 
are stressed alternately in tension and compression, 
and certain of them will take compression even though 
deficiency in end connection makes them unable to take 
full tension, while other members, perhaps of light 
plating ineffectively stiffened, may be able to withstand 
tension stresses to the elastic limit, but may buckle 
under a moderate compressive stress. In general, how- 
ever, only members which are effective in both tension 
and compression are assumed to act as part of the hull 
girder. 

The section-modulus calculation for the cargo ship 
shown in Fig. 23 is carried out in Table 2. This cal- 
culation is based on the following formula for the 
moment of inertia of any composite girder section: 


I= 21, — Ad?) = 2[2( + ad,?) — Ad,?] (83) 
where 


Zis moment of inertia of the section about a line par- 
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Fig. 23 Cargo ship midship section 


allel to the base through the true neutral axis 
(center of gravity), expressed in em?-m? (in*-ft’). 

I,is moment of inertia of the half-section about an 
assumed axis parallel to the true neutral axis, 
= 3(%, + ad,,”). 

A is total half-section area of effective longitudinal 
strength members, = La, in em? (in*). Generally 
no deduction is made for rivet holes. 

d, is distance from the assumed axis to the true axis, 
m (ft). 

i, is vertical moment of inertia (about its own center 
of gravity) of each individual plate or shape 
effective for longitudinal strength. 

ais area of each such plate or shape, in em? (in)’. 

d,, is distance of the center of gravity of each such plate 
or shape from the assumed axis, in m (ft). 

Owing to symmetry it is necessary to include in the 
calculation only the structural parts on one side of the 
centerline, the result of the calculation being multiplied 
by 2 as indicated in Equation (33). Accordingly, quan- 
tities listed in Table 2 are for one side of the ship 
shown in Fig. 23. 

If the assumed axis be assigned an arbitrary loca- 
tion, the known or directly determinable values are 1,, 
a, and d,; hence J, may be obtained. The value of A 
is also known and d, = 2ad,,/ 2a = Xad,,/ A; therefore 
A d,’ is determinable. The baseline may be used for 
the assumed axis. There is, however, some advantage 
in using an assumed axis at about mid-depth in that 
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lever arms are decreased. In that case the assumed 
axis should be located at about 45 percent of the depth 
of the section above the baseline, the actual position 
of the neutral axis being normally at less than half- 
depth because the bottom shell plating has greater 
sectional area than has deck plating (except in such 
cases as tankers). This condition is accentuated when 
an inner bottom is fitted. 

After J had been calculated as outlined and as in- 
dicated in Table 2, the section modulus J/c may be 
obtained to both top and bottom extreme fibers. 

For the sake of convenience and uniformity, the fol- 
lowing conventions are usually observed: 

e Since the moments of inertia i, of individual hor- 
izontal members are negligible, they are omitted from 
the calculations. 

e The top c is taken from the neutral axis to the 
deck at side, the bottom c to the baseline. 

3.4 Distribution of Shear and Transverse Stress Com- 
ponents. The simple beam theory expressions given 
in the preceding section permit us to evaluate the lon- 
gitudinal component of the primary stress, o,. In Fig. 
24 we see that an element of shell or deck plating may, 
in general, be subject to two other components of 
stress, a direct stress in the transverse direction and 
a shearing stress. Fig. 24 illustrates these as the stress 
resultants, defined as the stress multiplied by plate 
thickness. The stress resultants have dimensions of 
force per unit length and are given by the following 
expressions: 


stress resultants 

shear stress resultant or shear 
flow 

stresses in the longitudinal and 
girth-wise directions 

T shear stress 

t plate thickness 


N, = to,, N, = to, 
N=tr 


oz, oO, 


Here o-, designates the transverse direct stress parallel 
to the vertical axis in the ship’s side and parallel to 
the transverse axis in the deck and the bottom. 

Through considerations of static equilibrium of a 
triangular element of plating, it may be shown that 
the plane stress pattern described by the three com- 
ponent stresses o,, o,, 7 may be reduced to a pair of 
alternative direct stresses, o,, a,. The stresses o,, 
o, are called principal stresses and the directions of 
o, and o- are principal stress directions. The principal 
stresses are related to o,, a, and 7 by 

o, +o, fe 


2 
Oo, — OG, 2 
; ( ; ) +72 (84) 


The two angles, 6, between the x-axis and the direc- 
tions of o,, and o, are 


a), 02 = 


ar 
oO, — GO, 


tan 26 = — (35) 
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Fig. 24 Element of plate structure in deck or side shell, illustrating components 
of bending stress resultants 


Detailed derivation of these expressions may be found, 
for example, in Timoshenko (1955). 

In many parts of the ship, the longitudinal stress, 
o,, is the dominant component. There are, however, 
locations in which the shear component becomes im- 
portant and under unusual circumstances the trans- 
verse component may, likewise, become important. A 
suitable procedure for estimating these other compo- 
nent stresses may be derived by considering the equa- 
tions of static equilibrium of the element of plating 
illustrated in Fig. 24. In case the stiffeners associated 
with the plating support a part of the loading, this 
effect may also be included. 

The static equilibrium conditions for the element of 
plate subject only to in-plane stress (i.e., no bending 
of the plate) are 


ON, . ON 
aah 
Ox Os (36) 
ON, . oN 2% 
os Ox 


In these expressions, s, is the girthwise coordinate 
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measured on the surface of the section from the z-axis 
as shown in Fig. 24. 

The first of Equations (36) may be integrated in the 
s-direction around the ship section in order to obtain 
the shear stress distribution. For this purpose, we as- 
sume, as a first approximation, that the longitudinal 
stress, o,, is given by the beam theory expression (27). 
Then, if we assume that the hull girder is prismatic 
(or that J changes slowly in the z-direction) so that 
only M(x) varies with x, the derivative of N, is given 
by differentiating Equation (26), 


ON, _ _ aM (x) 
Ox I dx (37) 
tz 


where V(x) = shear force in the hull at 2. 

The shear flow distribution around a section is given 
by integrating the first of Equations (86) in the 
s-direction, 

N(s) — No = ” ds 


ds 
_ ON, 
= i Ox as 


“ [teas 


Here, N,, the constant of integration, is equal to the 
value of the shear flow at the origin of integration, 
s = 0. By proper choice of the origin, N, can often be 
set equal to zero. 

For example, in a section having transverse sym- 
metry and subject to a bending moment in the vertical 
plane, the shear stress must be zero on the centerline, 
which therefore, is a suitable choice for the origin of 
the girthwise integration. The shear flow distribution 
around a single-walled symmetrical section is then 
given by 


(38) 


with N, = 0 in the case of such symmetry. 
The quantity m(s) = [ tzds is the first moment 


0 
about the neutral axis of the cross sectional area of 
the plating between the origin at the centerline and 
the variable location designated by s. This is the shaded 
area of the section shown in Fig. 24. 

If a longitudinal frame or girder that carries lon- 
gitudinal stress is attached to the plate, as shown in 
Fig. 25, there will be a discontinuity in the shear flow, 
Ns), at the frame corresponding to a jump in m(s). 
This may be seen by considering the equilibrium of 
forces in the x-direction of the system of plate shears 


m(s) (89) 
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Fig. 25 Free body diagram of plate-frame joint 


on each side of the frame plus the x-stress in the frame. 
These are shown in the lower part of Fig. 25. Imme- 
diately adjacent to the frame on either side, the plate 
shear flows are N, and N,. The stress in the frame, 
@,, is given by Equation (26), and the total force in 
the frame, X, is obtained by integrating this expression 
over the cross-section area, A, of the frame. 


XK = [aa 
_ (40) 
M(x 
Se “” ) mt, 
where 7%, = [ 2dA is the moment of the section area 
A 


of the frame about the ship neutral axis. 
Equilibrium of forces in the z-direction requires that 


¥+ ay ¥+(,-N)de=0 (4) 
ox 
or, the stepwise change in shear flows at the frame 
will be given by 


Oa 
V(x 
= “ v7) A 
Thus, in evaluating the moment, m(s), in Equation 
(39) a finite increment equal to 7, is added, and there 
is a corresponding jump in M(s), as the path of inte- 
gration encounters a frame. 


(42) 
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We note that the moment of the stiffener cross sec- 
tion may be written as, 
My, . A;z; 


i= 


(43) 


where: 


A, is sectional area of frame i 

Z, is distance from neutral axis to centroid of 4,. 

Equation (39) then becomes, 

N(s) = “*) [m(s) + D Az] + No 

For a rectangular cross section having no longitu- 
dinal frames, the shear flow distribution corresponding 
to Equation (39) will have a linear variation in the deck 
and parabolic variation in the topsides as shown in 
Fig. 26. 

The transverse stress, o,, or equivalently, the stress 
resultant, N,, may be found by integration of Equation 
(45), 


(44) 


os (Oe *) 


Substituting Equation (39) for N, we obtain 
__ (9 [V@) 
Nils) ~ Nu =~ [ = [7 me)] ds cs) 


Assuming a prismatic section so that only V(x) de- 


pends upon 2, and noting that = g(x), the vertical 
load per unit length, we obtain 


Nils) — Nw =~ 2) misyds ca 


Fig. 26 Shear flow and girthwise stress around a rectangular ship cross 
section 


242 


Cell @ 


Fig. 27. Shear flow in multiple-bulkhead tanker section 


For a rectangular section, this expression gives a 
parabolic variation of N, in the horizontal members 
and a cubic variation in vertical members. The constant 
of integration, N,,, is adjusted so that N, is equal to 
the girthwise stress resultant at some location where 
this stress can be determined. Examples of such 
locations are the edge of a deck, side or bottom panel. 

In the side plating at the deck (upper) edge, the 
girthwise resultant, N,, must be equal to the weight 
per unit length of deck cargo plus deck structure for 
one side of the ship. At the bottom (bilge) it would be 
one half of the total buoyancy per unit length less the 
downward force due to structural weight and internal 
cargo, liquids, etc. that are supported directly by the 
bottom plating. In the bottom plating the girthwise 
resultant is in the transverse direction and will equal 
the resultant transverse hydrostatic force per unit 
length. Fig. 26 illustrates the distribution of N, for a 
rectangular barge section carrying deck cargo and 
subject to a hydrostatic load on sides and bottom. It 
is assumed that the transverse framing transmits all 
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of the water pressure load from the bottom plate panel 
to the edge where it is transmitted as in-plane stress 
into the side plating and similarly for the hydrostatic 
pressure on the sides and weight load on deck. With 
few exceptions, for example a ship carrying very large 
localized deck load, such vertical and horizontal in- 
plane stresses are usually negligibly small in compar- 
ison to the longitudinal and shear stresses. 

3.5 Shear Flow in Multicell Sections. If the cross 
section of the ship shown in Fig. 24 is subdivided into 
two or more closed cells by longitudinal bulkheads, 
tank tops, or decks, the problem of finding the shear 
flow in the boundaries of these closed cells is statically 
indeterminate. In order to visualize this, refer to Fig. 
27 showing a typical tanker midship section which is 
subdivided into three cells by the two longitudinal bulk- 
heads. Equation (89) may be evaluated for the deck 
and bottom of the center tank space since the plane 
of symmetry at which the shear flow vanishes, lies 
within this space and forms a convenient origin for the 
integration. At the deck-bulkhead intersection, the 
shear flow in the deck divides, but the relative pro- 
portions of the part in the bulkhead and the part in 
the deck are indeterminate. The sum of the shear flows 
at two locations lying on a plane cutting the cell walls, 
e.g., at points a and b in Fig. 27 (a), will still be given 
by (89), with 2(s) equal to the moment of the shaded 
area. However, the distribution of this sum between 
the two components in bulkhead and side shell requires 
additional information for its determination. 

This additional information may be obtained by con- 
sidering the torsional equilibrium and deflection of the 
cellular section. In order to develop the necessary 
equations, we first consider a closed, single cell, thin- 
walled prismatic section subject only to a twisting mo- 
ment, M,, which is constant along the length as shown 
in Fig. 28. The resulting shear stress may be assumed 
uniform through the plate thickness and is tangent to 
the mid-thickness of the material. Under these circum- 
stances, the deflection of the tube will consist of a 
twisting of the section without distortion of its shape, 
and the rate of twist, d@/dx, will be constant along 
the length. 

Now consider equilibrium of forces in the z-direction 
for the element dxds of the tube wall as shown in Fig. 
28(b). Since there is no longitudinal load, there will be 
no longitudinal stress, and only the shear stresses at 
the top and bottom edges need be considered in the 
expression for static equilibrium, giving, 


— t,7,dx + t.7,dx = 0 (48) 


The shear flow, N = tr, is therefore seen to be constant 
around the section. 

The magnitude of the moment, M,, may be computed 
by integrating the moment of the elementary force 
arising from this shear flow about any convenient axis. 
If r is the distance from the axis, 0, perpendicular to 
the resultant shear flow at location s, as shown in Fig. 
28(c) we find, 
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M, = ¢rNds 
= Nérds 
= 2NQ 

Here the symbol ¢ indicates that the integral is taken 
entirely around the section and, therefore, 0 is the 
area enclosed by the mid-thickness line of the tubular 


cross section. The constant shear flow is then related 
to the applied twisting moment by, 


N = M,/20 (50) 
We now consider the deformation of the element 


dsdx which results from this shear. Let u,v be the 
displacements in the axial and tangential directions 


(49) 
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respectively of a point on the surface of the tube. This 
is shown in Fig. 28(d). As a result of the constant 
twisting moment and prismatic geometry, u is seen to 
be a function of s only and v will be given by a rigid 
body rotation of the cross section, 


aé 
rs r= (51) 
where 7 is defined as before. 
From elementary elasticity, the shear strain, -y, is 
related to the displacements by, 


(52) 


Fig. 28 Twist of closed prismatic tube 
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E 
——_—_ i h ] 
rad a + vy) is the shear modulus 
of elasticity. Substituting Equation (51) into (52) and 
rearranging, we obtain, 


also, y = = where G = 


lal ee te (53) 


Since u depends only on s, this may be integrated 
to give 


T ao 
us) = ds — [ r 5 ds + 
G dx " (54) 
1¢N ae 


where u, is a constant of integration. 

The quantity, u(s), termed the warp, is seen to be 
the longitudinal displacement of a point on the cell 
wall, which results from the shear distortion of the 
material due to twist. If the section is circular the 
rotation will take place without warping, but for other 
shapes the warping will be nonzero and will vary 
around the perimeter of the section. 

For a closed section, the differential warp must be 
zero if the integral in Equation (54) is evaluated around 
the entire section, i.e., two points on either side of a 
longitudinal line passing through the origin of the 
s-integration cannot be displaced longitudinally with 
respect to each other. This is expressed by 


1.N de 

Noting that N is constant around the section and 
recalling that the second integral was previously 
represented by 20, the relationship between shear flow 
and rate of twist is given by the Bredt formula, 


a0 N ds 

a 3069 TF (56) 
Substituting (50) for the twisting moment, this gives 

des M, ds 

de ie? t 57) 


Equation (54) for the warp, «(s), applies to any thin- 
walled prismatic tube if it can be assumed that the 
tube twists in such a way that cross sections rotate 
without distortion of their shape. 

Let us now write the shear flow in the tanker section, 
Equation (39), as the sum of two parts, N(s) = N,(s) 
+ N,, where N, is an unknown constant shear flow. 
Under a pure vertical loading, the twist of the section, 
dé@/dx must be zero, and for this case, Equation (55) 
becomes 
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1 ds 


1 ds WN 
ds 
= pastioees Mgetatacler, ened 
GIMET+ ESS 
This may be solved for the unknown constant, 
ds 
6nS 
Ny ds (59) 
$5 


Equation (59) provides the means of evaluating the 
constant of integration in Equation (39) or (44) in the 
case of sections of general shape for which a location 
of zero shear flow cannot be determined by inspection. 

A physical significance may be attached to the quan- 
tity N, by the following reasoning. Assume that the 
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Fig. 29 Warp associated with N, and No 
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closed tubular section subject to a vertical loading 
without twist is transformed into an open section by 
an imaginary longitudinal slit, and the edge of this slit 
is taken as the origin of the s-coordinate. This is shown 
in Fig. 29. Corresponding to the shearing strains, the 
two edges of the slit will displace longitudinally rela- 
tive to each other. If we compare Equations (54) and 


(58) we see that, since e = 0, the two terms in (58) 


represent warping displacements of one edge of the 
slit relative to the other corresponding to N, and N,, 
respectively. 

The first term is the warping displacement caused 
by the statically determinate shear flow N, which is 
given by Equation (44). The second term is the warp 
due to the constant shear flow N,. Equation (58) is the 
statement that N, is of such magnitude that the net 
warp must be zero, i.e., it is of such magnitude that 
the slit is closed up. 

We will now apply a similar procedure to the mul- 
ticell section shown in Fig. 27. Results will be given 
for the general case of several closed cells and later 
specialized for a case of symmetrical section as illus- 
trated. 

We first imagine each cell to be cut with longitudinal 
slits at points a, 6, c in Fig. 27(b). Let Ms) be the 
shear flow in cell 7 obtained by evaluating Equation 
(44) with the origin of s located at the slit in that cell. 
Let N,, be the constant of integration for cell 7. Note 
that, when we compute m(s) in Equation (44) for a 
location in the bulkhead such as point d, we must 
include the area of deck plating and frames up to the 
imaginary slit in the adjacent cell 2. 

The relative warp at slit a due to N,(s) is given by 


sak ds 
Ue = re: g N,(s) oH (60) 


where N,,, is given by Equation (44). 

Equations similar to these may be written for each 
of the remaining cells. For each cell there will be an 
additional constant shear flow corresponding to the 
constant of integration. The differential warp in the 
adjacent edges of one of the slits will include the effects 
of these constant shear flows for the present cell as 
well as the constant shear flows for adjacent cells 
acting along any interior walls that are common to the 
present and the adjacent cell. For cell 1, this additional 
warp at slit a, resulting from the constant shear flows 
acting on the boundaries of cell 1, is 


1 ds 1 d. 
gga Gghel SF 


; (61) 


toa oa 
1-2 


The second integral in this expression is evaluated 
only over the bulkhead dividing cells 1 and 2 and is 
negative since the constant shear flows of the two cells 
oppose each other in the bulkhead. 
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Fig. 30 Component and total shear flows in tanker midship section 


We now require that the total warp at slit a must 
vanish and this is given by the condition 


ds ds ds 
§ MF + NSF -Nal F=0 (2 
1 1 2 


Similar equations may be written for the remaining 
cells. For the middle cell, 2: 
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Fig. 31 Loading and resulting strain in flanges of simple beam 
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Now observe that the first term in each of these 
equations may be evaluated and is, therefore, a known 
quantity. The three equations may, therefore, be 
solved simultaneously for the three constants of in- 
tegration No, Noz, Nos. Note also that the moment 
term m/(s) in the expressions for N,, NV, and N; must 
include the moment of the area of longitudinal stiff- 
eners as well as plating, as shown in Equation (44), 
while the integrals in Equations (62), (63) and (64) in- 
clude only the plating. The explanation for this is that 
the latter integrals evaluate the warping displace- 
ments and these result from the shear deformation of 
the plating only. 

In the case of a three-cell, twin-bulkhead tanker that 
is symmetrical about the centerline plane, we may 
place slit 6 on the centerline, in which case N,, is zero. 
Equations (62) and (64) now contain only one unknown 
constant of integration each, and each may be solved 
explicitly. Furthermore, by symmetry, it is necessary 
to solve for only one of the two constants of integration 
and this is given by 


(65) 


The resulting total shear flow in cell 1 (and cell 3 by 
symmetry considerations) will be given by 
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ds 
§ m(s) — 
Ms) = “| mis) - ++ | 066) 
fT 


The shear flows in the deck and bottom of cell 2 are, 
of course, statically determinate and may be computed 
directly from Equation (44) with the constant of in- 
tegration set equal to zero. The resulting component 
and total shear flows in the typical tanker section are 
shown in Fig. 30. 


3.6 Shear Lag and Effective Breadth. In many ship 
structural components, the loading is resisted, on a 
local level, by web-type members before being trans- 
formed into a beam bending load. A simple illustration 
of this, shown in Fig. 31, is a wide-flange girder sup- 
porting a concentrated weight. At the local level, the 
weight is first transmitted into the web of the girder 
where it is resisted by vertical shears in the web. As 
a result of the concentrated load, the web tends to 
bend as shown, resulting in a compressive strain on 
the upper edge and tensile strain along the lower. The 
flanges are, of course, required to have a strain equal 
to the strain in the web at the joint between web and 
flange, and this results in a shear loading being applied 
to this edge of each flange member. Each of the four 
flange members may therefore be viewed as a rectan- 
gular strip of plating having a shearing load applied 
along one of the long edges. The resultant deformation 
is illustrated in Fig. 31. 

The loading situation described above is not confined 
to isolated beams that support concentrated loads, but 
appears in many parts of the ship structure in asso- 
ciation with distributed as well as concentrated loads. 
Consider for example the hull girder as a whole. Water 
pressure on the bottom is resisted locally by the plating 
that transmits the pressure load to the surrounding 
frames and floors. Longitudinal framing transmits the 
force system into the transverse bulkheads or web 
frames, which in turn transmit their loads into the 
longitudinal bulkheads or side shell. In the case of 
transverse frames, these resultant loads are trans- 
mitted directly into the side shell by each frame indi- 
vidually. Thus, the water pressure forces and, 
similarly, the weight forces are ultimately transmitted 
into the side shell or vertical web of the hull girder as 
concentrated shearing loads at each bulkhead or trans- 
verse frame. The bending tendency of the web (side 
shell) and the shear loading of the edges of the flange 
(deck plating) are directly analogous to the behavior 
of the simple girder illustrated in Fig. 31. 

An important effect of this edge shear loading of a 
plate member is a resulting nonlinear variation of the 
longitudinal stress distribution. This is in contrast to 
the uniform stress distribution predicted in the beam 
flanges by the elementary beam Equation (27). In many 
practical cases, the departure from the value predicted 
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by Equation (27) will be small, as shown in Fig. 20. 
But in certain combinations of loading and structural 
geometry, the effect referred to by the term shear lag 
must be taken into consideration if an accurate esti- 
mate of the maximum stress in the member is to be 
made. This may be conveniently done by defining an 
effective breadth of the flange member. The nomen- 
clature used in the definition of this quantity is illus- 
trated in Fig. 32, where the effective breadth, pd, is 
defined as the breadth of plate that, if stressed uni- 
formly at the level o across its width, would sustain 
the same total load in the z-direction as the nonuni- 
formly stressed plate. Hence, 


pb = a/os { ody)dy (67) 


The quantity p is called the plate effectiveness. 

The solution for p is seen to require the determi- 
nation of the plane stress distribution in a plate field 
under the described edge shear loading. In addition to 
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Fig. 32 Nomenclature for shear lag analysis 
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this edge shear loading, there are kinematic boundary 
conditions that must be satisfied, appropriate to the 
physical conditions that prevail on the other edges of 
the plate. Such conditions would include zero direct 
and shear stress on a free edge, and zero displacement 
in the direction normal] to the edge if the plate-bar 
combination is part of a repeating arrangement. 

A solution procedure for the stress distribution and 
the plate effectiveness may be developed making use 
of the Airy Stress Function, for which the funda- 
mental considerations are given in Timoshenko and 
Goodier (1970). Let us define a function o(2,y) such 
that the direct stresses, o,, and o,, are given by the 
following expressions, 


geo 
° : (68) 
0” 


From the conditions of static equilibrium of a plane 
stress element, Equations (36), the shear stress will 
be given by, 

_ > 

Ox dy 
If Equations (68) and (69) are substituted into the 


stress-strain Equations (82), the following relations are 
found: 


(69) 


_1/8%> a 
.= alae » Se) 
1 (3 3” 
¢= a (ae —v =) (70) 
ere ad 
G dxdy 


A relationship between the direct strains and the 

shear strain is given by the condition of compatibility 

ty te, ey 

Oxdy dy? dx? 

If Equations (70) are now substituted into (71) the 
result is 


(71) 


> 1 9 ao 


ab 
oat * Ox?dy? dy* e 


oy* 


Equation (72) is recognized as the biharmonic equa- 
tion, and is the field equation to be satisfied by the 
stress function, (x,y), at all points in the interior of 
the plate field. The complete solution of the stress 
distribution problem requires that we first obtain an 
expression for (2, y) by solving Equation (72), subject 
to a set of appropriate boundary conditions on the 
edges of the plate field. Having this solution for (z, y), 
we may then obtain the stresses by substitution in 


(72) 
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Equations (68). The plate effective breadth is then 
found by evaluating the integral in Equation (67). 

Examples of typical boundary conditions that may 
be encountered in ship structural configurations are 
shown in Fig. 33. 

A solution to Equation (71) was obtained by Schade 
(1951, 1958) using the method of separation of varia- 
bles. In the Schade solution, the stress function is 
expanded in a Fourier Series in the longitudinal 
coordinate, 

bey) = ¥ fly) sin (73) 
Here L is some characteristic length in the x-direction, 
and f,(y) is an unknown function of the transverse 
variable, y. 

Upon substituting this expression into the bihar- 
monic equation (72) an ordinary differential equation 
is obtained for the unknown function f,(y). Details of 
the solution need not be repeated here but may be 
obtained by referring to the Schade papers. 

The form of the solution is such that there is an 
insufficient number of constants of integration of (72) 
to allow the satisfaction of all of the necessary bound- 
ary conditions, and the solution must, therefore, be 
considered as incomplete. By an appropriate choice of 
the partial boundary conditions, however, in combi- 
nation with the application of St. Venant’s Principle,’ 
the solution may be considered accurate for most prac- 
tical cases. 

In order to illustrate this principle, consider the pair 
of plate panels loaded by the welded bar at the middle, 
which is iHustrated in Fig. 32. The boundary conditions 
for one of the plate panels are shown in Fig. 33. In- 
tegration of the fourth-order differential Equation (42) 
yields four constants of integration that are found by 
introducing boundary conditions on all of the plate 
edges, plus the condition of static equilibrium under 
the applied load system. With the solution form that 
was assumed, three of these conditions plus the load 
equilibrium condition may be satisfied. In many prac- 
tical cases it is sufficient to satisfy the boundary con- 
ditions on the edges parallel to the x-axis, and to 
neglect the conditions at the ends of the plate panel. 
Aecording to St. Venant’s Principle, the results will 
then be in error near the plate ends, since the neglect 
of the boundary conditions is equivalent to the sub- 
stitution of an equivalent but unspecified end loading. 
The error will, however, be acceptably small in the 
interior of the panel if the length is large compared 


° St. Venant’s Principle may be stated as follows; “Two different 
but statically equivalent force systems that act on a small region 
of an elastic body will produce the same stress distribution in the 
portion of the body that is at a large distance from the loading in 
comparison with the dimensions of the region on which the load 
acts.” 
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Fig. 33 Example of boundary conditions for shear lag problems in ship 
structures 


to the width. Many of the plate panels in ship struc- 
tures are relatively slender, as for example, the flanges 
of beams and girders, and the location of maximum 
stress is often at mid-length; thus this partial solution 
still provides results that are valid and useful in these 
cases. For built-in beams having the maximum stress 
at the end, the principle of reflection about the built- 
in end allows this location to be treated as though it 
were at the mid-length, thus allowing the present 
interior solution to apply to this important situation. 

The Schade solutions have been expressed in the 
form of the effective breadth ratio, p, and this is, in 
general, a function of the geometry of the plate panel 
and the form of the applied load. The results are pre- 
sented in a series of design charts which are especially 
simple to use. An example of one of the charts is given 
in Fig. 34, and the remainder may be found in the 
Schade papers. 

Examination of the chart reveals the following prop- 
erties of the effective breadth: 

(a) For long slender plate panels, the effective 
breadth is nearly 100 percent. 

(b) For a given panel aspect ratio, the effective 
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Fig. 34 Effectiveness ratio, p, at x = 1/2 


breadth is less for loads that are concentrated or vary 
abruptly than it is for loads that are evenly distributed 
over the length. 

In Fig. 34 the factor R expresses the relative im- 
portance of the plate member, in which shear lag 
occurs, in comparison to the web or stiffener (assumed 
not to experience shear lag) in determining the section 
modulus of the composite. In Fig. 35 are illustrated 
three typical combinations involving this symmetrical 
flange member: 

(a) H-section having two identical flanges. 

(b) T-section or single flange. : 

(c) Plate flange with stiffener consisting of stan- 
dard structural shape. 

The corresponding expressions for # are as follows: 


(a) R=34,/A, 
(0) R=44,/A, 
(c) R=A,(r? + ef)/I, 
In all cases:A, is total flange cross-sectional area 
= 4 bt, in (a) 
= 2 bt, in (b) and (c) 
A is web cross sectional area 
= 2htw in (a), (0). 


(74) 


In case (c): J, is stiffener moment of inertia about 
its own NA. 
r, is radius of gyration of stiffener = 
I,/A, where A, = stiffener cross 
sectional area. 
e, is distance from stiffener NA to mid- 
thickness of plate flange. 


The factor CL in Fig. 34 is the total span of the 
beam between locations of zero bending moment, and 
CL/b is the aspect ratio, AR. In the case of the con- 
stant bending moment (pure axial load) it is the phys- 
ical length of the beam. 

Consider, for example, a symmetrical section, case 
(a) having a flange area that is 3.33 times the web 
area; thus R = 10. Now, assume that this is the cross 
section of a simply supported beam having a central, 
concentrated load and assume the span of the beam 
to be 10 times the width, 6, of one-half the flange. 
From Fig. 34 curve e (R = 10) at an aspect ratio 
CL/b = 10, we see that the effective breadth of the 
flange is only 65 percent of the physical breadth. 

For cases other than the concentrated load, the 
effective breadth is found to be relatively insensitive 
to RF and, therefore, only a single curve corresponding 
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to a composite value of 2 is shown in these load cases. 

The effect of shear lag in a ship is to cause the stress 
distribution in the deck, for example, to depart from 
the constant value predicted by the elementary beam 
Equation (27). A typical distribution of the longitudinal 
deck stress in a ship subject to a vertical sagging load 
is sketched in Fig. 36. 

An extreme example of shear lag was observed in 
an experiment conducted by Glasfeld (1962). The ex- 
periment was conducted using a rectangular, thin- 
walled steel box-girder model to represent the midship 
portion of a longitudinally framed ship. The vertical 
loading was applied to the model by means a series of 
individual pneumatic pressure cells between the bot- 
tom of the model and the bed plate of the supporting 
testing frame. Each cell applied a uniform pressure 
over a short portion of the length of the model, and 
the pressure in each cell could be adjusted individually. 
In the experiment in question, the pressure was ad- 
justed in such a way that adjacent cells applied alter- 
nately positive and negative loads. The resulting 
bending moment was also found to show an alternating 
form, with relatively short spacing between zero 
points. 

The longitudinal stress distribution measured at 
amidships of the model is shown in Fig. 37, together 
with the corresponding stress computed by (a) the 
finite element method, and (0) a stress function tech- 
nique similar to that employed in deriving the effective 
breadth charts. It is remarkable to observe that both 
the observed and computed stress distributions display 
such a pronounced shear lag effect that there is a 
complete reversal in the sign of the longitudinal stress 
between the centerline of the model and the edge of 
both the deck and bottom plating. This is obviously an 
extreme departure from simple beam theory, which 
predicts a constant longitudinal stress in these mem- 
bers. The longitudinal stress in the sides also shows 
a departure from beam theory in the S-shaped varia- 
tion of this quantity from deck edge to bilge. 

A real situation in which such an alternating load 
distribution may be encountered is a bulk carrier 
loaded with a dense ore cargo in alternate holds, the 
remainder being empty. An example computation of 
the effective breadth of bottom and deck plating for 
such a vessel is given in Chapter VI of Taggart (1980). 

3.7 Lateral Bending and Torsional Effects. Up to 
this point, our attention has been focused principally 
upon the vertical longitudinal bending response of the 
hull. As the ship moves through a seaway encounter- 
ing waves from directions other than directly ahead 
or astern, it will experience lateral bending loads and 
twisting moments in addition to the vertical loads. (See 
Section 2.3). The former may be dealt with by methods 
that are similar to those used for treating the vertical 
bending loads, noting that there will be no component 
of still water bending moment or shear in the lateral 
direction. The twisting or torsional loads will require 
some special consideration. Note, however, that under 
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Fig. 35 Composite plate-stiffener beam sections, to accompany Fig. 34 
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Fig. 36 Deck longitudinal stress, illustrating the effect of shear lag 


our subdivision of the loads and response into primary, 
secondary and tertiary components, the response of 
the ship to the overall hull twisting loading should be 
considered a primary response. 

The equations for the twist of a closed tube (50) and 
(56), presented in Section 3.5, are applicable only to 
the computation of the torsional response of closed 
thin-walled sections. In ship structures, however, it is 
found that torsional effects (stresses, deflections) are 
most often found to be of importance in ships that 
have large deck openings separated, perhaps, by nar- 
row-transverse strips of structure and closed ends. 
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Fig. 37 Longitudinal stresses at midship section of box girder, by experiment, 
theory and finite element analysis (saddle bending moment) 


Such construction is typical of a modern containership, 
as shown in Fig. 40 of Chapter I. 

Experience with the design of such partially open 
deck ships has indicated that the torsional stresses, 
alone, have seldom been of a serious magnitude. When 
considered in conjunction with the primary bending 
stresses, however, they can result in significant local- 
ized increases in the combined primary stresses. A 
more serious structural problem, requiring special 
attention in the design of such ships, is found at the 
transition from the torsionally weak open sections to 
the relatively stiff closed sections that are required to 
provide torsional rigidity to the hull. The abrupt 
change in structural properties may result in high 
stress concentrations in such areas, requiring special 
attention to the design of details. The principal design 
objective here is to select material and structural de- 
tails that are appropriate for regions subject to stress 
concentrations. 

The relative torsional stiffness of closed and open 
sections may be visualized by means of a very simple 
example. Consider two circular tubes, one of which 
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has a longitudinal slit over its full length as in Fig. 
38. The closed tube will be able to resist a much greater 
torque per unit angular deflection than the open tube 
because of the inability of the latter to sustain a shear 
stress across the slot. The only resistance to torsion 
in the case of the open tube without longitudinal re- 
straint is provided by the twisting resistance of the 
thin material of which the tube is composed. This is 
illustrated in the lower part of the figure. The resist- 
ance to twist of the entirely open section is given by 
the St. Venant torsion equation, 


dé 
dé. ; : 
where is is twist angle per unit length, 


Gis shear modulus of the material, 
Jis torsional constant of the section, 


For a thinwalled open section, J = ; i tds 


0 

If warping resistance is present, i.e., if the longi- 
tudinal moment of the elemental strips shown in Fig. 
88 is resisted, another component of torsional resist- 
ance is developed through the shear stresses that re- 
sult from this warping restraint. This is added to the 
torque given by Equation (75). In ship structures, 
warping resistance comes from four sources: 

e The closed sections of the structure between 

hatch openings. 

e The closed ends of the ship. 

e Double wall transverse bulkheads. 
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Fig. 38 Twist of open and closed tubes 
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Fig. 39 Open tube with warping restraint 


e Closed, torsionally stiff parts of the cross section 
(longitudinal torsion tubes or boxes, including dou- 
ble bottom). 

In order to understand the mechanism by which 
warping resistance leads to a component of torsional 
stiffness, we refer to Fig. 39 which shows the open 
tube having a partially built-in condition at end 6. The 
end condition may be visualized by imagining each of 
the elementary strips of which the tube is composed 
to be attached to a rigid wall through a set of springs. 
In this case the tangential deflection of a point, a, on 
the right-hand end of the tube is due primarily to the 
in-plane bending of the elementary strip and this is 
shown in the lower part of the figure. Shear defor- 
mation of the strip is relatively unimportant in deter- 
mining the resulting moment except in the case of a 
very short tube. The longitudina] displacement of a 
point on the surface of the tube, or warp is then given 
by Equation (54) with the shear deformation set equal 
to zero, 

u(s) = — Ld r(s) ds 


ok (76) 
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The quantity w(s) = ; r(s) ds is called the sec- 
0 


torial area and u, is the warping displacement at the 
origin of the coordinate s. If the origin of the s-inte- 
gration is placed at the open edge of the section, point 
a in Fig. 39, then u(s) — uw, is the warp of a point on 
the section measured with respect to the warp at this 
origin of s. 

Now, let us compute the average warp, which is, 
given by the integral of u(s) around the entire section 
periphery, S, divided by S, 


w= 3 wlo)ds 


(77) 


The quantity S, = 2S, is called the first sectorial 
moment with respect to the origin of s. There will in 
general, be one or more points on the contour which, 
if used as origins for the S-integration, will result in 
a zero value for S, or w). These points are referred 
to as sectorial centroids, and for a symmetrical section, 
the intersection of the plane of symmetry and the con- 
tour is a sectorial centroid. 

Now, let us measure the warp, «(s), from the plane 
of the mean warp, 


u(s)=u-4u 


= e (2m, ~ 2w(s)) 


(78) 


If the origin of s were chosen as a sectorial centroid, 
the term containing , would vanish. 

The z-strain is, 
ou 
Ox 
Neglecting the transverse (Poisson) effect, the z-stress 
is 


d?6@ 
2 age Mo 


~ «(s)) (79) 
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a0 
dx? 
From the condition of equilibrium of an element, the 
shear flow, N is related to the 2-stress resultant, N,, 


by Equation (36) 
After substituting Equation (80) into the first of (36) 


oO, = 


(80) 
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length = 5.603 m (18.37 ft) 
beam = 0.644 m (2.11 ft) 
depth = 0.422 m (1.38 ft) 
number of elements = 30 


(b) Shear centers 


Fig. 40 SL-7 hull structure idealized with finite element method (Westin, 1981) 


and integrating, we obtain for the shear flow, 


d°@ 

Ms) 2E de } 
where the origin of the s-integration is now taken on 
a free edge of the contour for which the shear stress 
is zero. Note that by defining separate s-origins for 
the present and earlier s-integrations, the w, term may 
be made to vanish from this expression. The twisting 
moment on the end of the section is obtained by in- 


t(s)[(@ — @(s)}ds (81) 


tegration of the moment of M(s) around the entire 
contour, 


T, (x) = [ x r(s) ds (82) 


where 7 is defined as in Equation (76). 

After substituting (81) into (82) and integrating by 
parts, we obtain for the twisting moment due to re- 
strained warping 
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T(x) = 
(83) 


= — ET — 


r=4 [ (w). — w(s))? t(s) ds is called the warping 
‘0 


constant of the section. 

If T(x) = T, + T, is the total twisting moment at 
station x the differential equation of twist, taking into 
consideration unrestrained warping, Equation (75), and 
restrained warping effects (83) is 


a°6 do 
ET ix GJ ix T(x) 

In a ship made up of some closed and some open 
sections, the analysis leading to this equation is as- 
sumed to apply only to the open sections. 

In order to solve Equation (84) we shall assume that 
the twisting moment at longitudinal position x may be 
expressed in the form of a Fourier Series over the 
length of an open prismatic section of length L. 


(84) 


© 


T(x) = > (T,, cos p,x + T,, sin p,2) 


n=1 


(85) 


The solution of the differential equation of the de- 
flection is, 

O(x) = A, + A, sinh kx + A, cosh kx 

+ 3 (a, cos p,x + B, sin p,x) 


(86) 


Here, 
_ mn 
Pr L 
GJ 
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‘ ET 
Ay, A,, A, are integration constants of the homo- 


geneous solution and are to be deter- 
mined by boundary conditions at the ends 
of the segment of length L. 


-~ Pa 
GJ(p,° + kh’ p,) 


a = Pm 

. GI(p," + k*p,) 

The Bredt Formula, Equation (56) of Section 3.5, 
is applicable to the torsional deflection of a closed pris- 
matic tube and is therefore applied to the decked-over 
sections of the ship between hatch openings. Since this 
is a first-order equation, there will be one constant of 
integration in its solution. 

By subdividing the ship into a series of open or closed 
sections and applying the appropriate torsional deflec- 


a, 
(87) 
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tion equations, the result is a system of algebraic 
equations, containing three unknown constants of in- 
tegration for each open section and one unknown con- 
stant for each closed section. These constants are 
solved for by imposing requirements of continuity of 
internal reactions and deflections across the junctions 
of the closed and open sections. 

A model of a large containership subdivided into a 
series of such prismatic segments is shown in Fig. 40a, 
taken from Westin (1981). The matching conditions at 
the junctions state that there is compatibility of twist, 
compatibility of warp and continuity of the internal 
loads across the junction between the two types of 
sections. Example analyses of this type which treat in 
detail the problem of matching closed and open sec- 
tions may be found in Haslum and Tonnesen (1972), 
De Wilde (1967) and Westin (1981). 

An inherent difficulty in establishing suitable match- 
ing conditions lies in determining the axis of rotation 
or center of twist of the two types of section. For a 
beam of uniform section, the center of twist coincides 
with the shear center of the cross section, which is 
also the center about which the moment of external 
loads is computed. For the nonuniform beam, the cen- 
ter of rotation is no longer at the shear center, which 
itself is at a different vertical location for the closed 
and open sections. 

For a closed ship section, the shear center will be in 
the vicinity of mid-depth, but for an open section it 
may be below the keel. Fig. 40b shows the height of 
the shear center for the structural idealization of the 
containership of Fig. 40a. 

In general, the torsion analysis described above, 
when applied to the computation of the actual stress 
distribution in a real ship under torsional loading, can 
be expected to give results somewhat less exact than 
were obtained when applying simple beam theory to 
the vertical bending of the ship structure. This is pri- 
marly a result of attempting to apply two separate 
theoretical procedures, each one of which is based upon 
an assumption of unformity of cross section along the 
ship length, to a problem in which the variation in cross 
sectional shape is itself, of fundamental importance. 
The effect of the concentration of stiff and soft sections 
is to result in a distortion pattern in the ship deck that 
is somewhat as shown, to an exaggerated scale, in Fig. 
41. The term snaking is sometimes used in referring 
to this behavior. 

Fortunately, ship structures designed to withstand 
normal bending loads do not appear to experience large 
primary hull girder stresses as a result of the normal 
torsional loads experienced in service. As previously 
noted, significant stresses may, however, be induced 
at specific locations such as hatch corners as a result 
of stress concentrations due to discontinuities in struc- 
ture. The analysis of structures in which discontinuity 
plays an essential role is best handled by the finite- 
element technique, which is described in Taggart 
(1980) and many text books. Such an analysis of a large 
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motions in waves, were applied to the calculation of 
these loads in beam seas (Lee, et al, 1973). Model tests 
(Wahab, et al, 1971) indicated good agreement for de- 
sign purposes. 

Another structural problem, however, arose during 
the early operation of the Hayes in the North Atlantic. 
It was found that relatively large bow motions resulted 
in severe slamming of the cross-structure, requiring 
significant reductions in speed. This was solved by the 
addition of a hydrofoil between the two hulls forward, 
which provided significant reduction in relative bow 
motion (as discussed in Section 6 of Chapter VII). Had- 
ler, et al (1974) present a method for determining the 
loads on the hydrofoil as a basis for design. 

The small waterplane twin-hull (SWATH) is a special 
type of catamaran in which the two buoyant hulls are 
completely immersed. It has received considerable at- 
tention in regard to structural loads and design. Meth- 
ods of calculating motions and loads on cross-structure 
are presented by Lee and Curphey (1977). Active or 
fixed control surfaces are usually provided both for- 
ward and aft to reduce motions and hence to avoid 
excessive slam impact loads. 

(c) SES and ACV. Of the vehicles supported 
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mainly by an air cushion, those with fixed sidewalls 
are usually called Surface Effect Ships (SES) and 
those with flexible skirts only are designated Air 
Cushion Vehicles (ACV). Because of their relatively 
simple structural configuration, the only serious struc- 
tural design problem with these craft is to provide 
adequate strength against bow impacts—as for other 
high-performance craft. See Kaplan (1981) and Mantle 
(1975). 

(da) Hydrofoil Craft. Since at high speeds the hulls 
of these craft are supported in air by foils immersed 
in water, the distinctive structural design problem is 
that of the hydrofoils and supporting struts. Such a 
wide variety of foil arrangements have been developed 
that they cannot be discussed in detail here. But in all 
cases the foil and strut design problem can be mini- 
mized by making sure that the hull itself is as light 
as possible. These problems lead to the adoption of 
principles that are more closely allied to aircraft than 
to ship design. Multiple production is usually an im- 
portant consideration also in hydrofoil craft design, as 
discussed by Bullock and Oldfield (1976). Hulls must, 
of course, be designed to withstand bottom slamming 
damage, as in the case of other vehicles discussed here. 


Section 4 
Load Carrying Capability and Structural Performance Criteria 


4.1 The Nature of Structural Failure. As noted in 
the introduction, ship structural failure may occur as 
a result of a variety of causes, and the degree or 
severity of the failure may vary from a minor esthetic 
degradation to catastrophic failure resulting in loss of 
the ship. In the report of the Committee on Design 
Procedures of the International Ship Structures Con- 
gress (ISSC, 1973), four contributing failure mecha- 
nisms or modes were defined: 

e Tensile or compressive yield of the material. 

e Compressive instability (buckling). 

e Low-cycle fatigue. 

e Brittle fracture. 

The first mode of failure occurs when the stress in 
a structural member exceeds a level that results in a 
permanent plastic deformation of the material of which 
the member is constructed. This stress level is termed 
the material yield stress. At a somewhat higher stress, 
termed the ultimate stress, fracture of the material 
occurs. While many structural design criteria are 
based upon the prevention of any yield whatsoever, it 
should be observed that localized yield in some portions 
of a structure is not necessarily serious and may, in 
case of non-reversing loads, result in a more favorable 
redistribution and equalization of stress throughout 
the structure. 


Instability failure of a structural member loaded in 
compression may occur at a stress level that is sub- 
stantially lower than the material yield stress. The load 
at which instability or buckling occurs is a function of 
member geometry and material modulus of elasticity 
rather than material strength. The most common ex- 
ample of an instability failure is the buckling of a 
simple column under a compressive load that equals 
or exceeds the Euler Critical Load. A plate in 
compression will also have a critical buckling load 
whose value depends on the plate thickness, lateral 
dimensions, edge support conditions and material mod- 
ulus of elasticity. In contrast to the column, however, 
exceeding this load by a small margin will not neces- 
sarily result in complete collapse of the plate but only 
in an elastic deflection of the central portion of the 
plate away from its initial plane. After removal of the 
load, the plate will return to its original undeformed 
configuration. The ultimate load that may be carried 
by a buckled plate is determined by the onset of yield- 
ing at some point in the plate material or in the stif- 
feners, in the case of a stiffened panel. Once begun, 
yield may propagate rapidly throughout the entire 
plate or stiffened panel with further increase in load. 

Fatigue failure occurs as a result of a cumulative 
effect in a structural member that is exposed to a stress 
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pattern alternating from tension to compression 
through many cycles. Conceptually, each cycle of 
stress causes some small but irreversible damage 
within the material and, after the accumulation of 
enough such damage, the ability of the member to 
withstand loading is reduced below the level of the 
applied load. Two categories of fatigue damage are 
generally recognized and they are termed high-cycle 
and low-cycle fatigue. In high-cycle fatigue, failure is 
initiated in the form of small cracks, which grow slowly 
and which may often be detected and repaired before 
the structure is endangered. High-cycle fatigue in- 
volves several millions of cycles of relatively low stress 
(less than yield) and is typically encountered in machine 
parts rotating at high speed or in structural compo- 
nents exposed to severe and prolonged vibration. Low- 
cycle fatigue involves higher stress levels, up to and 
beyond yield, which may result in cracks being initiated 
after several thousand cycles. 

The loading environment that is typical of ships and 
ocean structures is of such a nature that the cyclical 
stresses may be of a relatively low level during the 
greater part of the time, with occasional periods of 
very high stress levels caused by storms. Exposure to 
such load conditions may result in the occurrence of 
low-cycle fatigue cracks after an interval of a few 
years. These cracks may grow to serious size if they 
are not detected and repaired. 

In the fourth mode of failure, brittle fracture, a 
small crack suddenly begins to grow and travels al- 
most explosively through a major portion of the struc- 
ture. The originating crack is usually found to have 
started as a result of poor design or manufacturing 
practice, as in the case of a square hatch corner or an 
undetected weld flaw. Fatigue is often found to play 
an important role in the initiation and early growth of 
such originating cracks. The control of brittle fracture 
involves a combination of design and inspection stan- 
dards aimed toward the prevention of stress concen- 
trations, and the selection of steels having a high 
degree of notch toughness or resistance to the growth 
of cracks, especially at low temperatures. Crack arres- 
tors are often incorporated into the structure to limit 
the travel of a crack if it should occur (fail-safe design). 

In designing the ship structure, the analysis phase 
is concerned with the prediction of the magnitude of 
the stresses and deflections that are developed in the 
structural members as a result of the action of the 
sea and other external and internal causes. Many of 
the failure mechanisms, particularly those that deter- 
mine the ultimate strength and total collapse of the 
structure, involve nonlinear material and structural 
behavior that are beyond the range of applicability of 
the linear structural analysis procedures described 
elsewhere in this chapter, which are commonly used 
in design practice. Most of the available methods of 
nonlinear structural analysis are beyond the scope of 
the present work and are often limited in their appli- 
cability to a narrow class of problems. It is one of the 
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difficulties facing the structural designer that he or 
she must often use linear analysis tools in predicting 
the behavior of a structure in which the ultimate ca- 
pability is governed by nonlinear phenomena. This is 
one of the important sources of uncertainty referred 
to in the Introduction. 

After performing an analysis, the adequacy or in- 
adequacy of the member and/or the entire ship struc- 
ture must then be judged through comparison with 
some kind of criterion of performance. The conven- 
tional criteria that today are commonly used in ship 
structural design are usually stated in terms of ac- 
ceptable levels of stress in comparison to the yield or 
ultimate strength of the material, or as acceptable 
stress levels compared to the critical buckling strength 
of the structural member. Such criteria are, therefore, 
intended specifically for the prevention of the first two 
of the four types of failure—tensile yield or compres- 
sive buckling. 

Design criteria stated expressly in terms of fatigue 
damage resistance are seldom employed in ship struc- 
tural design although cumulative fatigue criteria are 
used in offshore structure design. Fatigue considera- 
tions are especially important in the design of details 
such as hatch corners and reinforcements for openings 
in structural members. Since the ship loading environ- 
ment, consisting in large part of alternating loads, is 
highly conducive to fatigue-type failures, it may be 
assumed that fatigue resistance is implicitly included 
in the conventional safety factors or acceptable stress 
margins based on past experience. 

The prevention of brittle fracture, as noted previ- 
ously, is largely a matter of material selection and 
proper attention to the design of structural details in 
order to avoid stress concentrations. Quality control 
during construction and in-service inspection form key 
elements in a program of fracture control. 

4.2 Material Physical Properties and Yield Cri- 
teria. The physical strength properties of shipbuild- 
ing materials are normally obtained from standardized 
testing procedures conducted under closely controlled 
conditions, as described in Chapter VIII of Taggart 
(1980). The yield strength of the material is defined as 
the measured stress at which appreciable nonlinear 
behavior accompanied by permanent plastic deforma- 
tion of the material occurs. The ultimate strength is 
the highest level of stress achieved before the test 
specimen fractures. For most shipbuilding steels, the 
yield and tensile strengths in tension and compression 
are assumed to be equal. 

The material properties described above are ex- 
pressed in the form of simple uniaxial stresses, i.e., 
the test from which they are obtained is conducted in 
such a way that the test specimen is subject to stress 
in the longitudinal direction only, and the transverse 
stresses are zero. Few ship structural members, chiefly 
the flanges of slender stiffeners or slender columns, 
experience pure uniaxial stress. In these cases, how- 
ever, the computed member stresses may be compared 
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directly with the uniaxial test data in order to ascertain 
the adequacy of the member. 

In the plate members of the hull structure, the 
stresses do not, in general, form a simple unidirectional 
pattern. The maximum values of the primary, second- 
ary, and tertiary stresses may not coincide in direction 
or time, and therefore combined stresses should be 
calculated—as discussed in Section 3.11—at various 
locations and times. Furthermore, the stress at each 
point will not be a simple unidirectional tension or 
compression but, in most cases, will be found to form 
a biaxial stress pattern. See Section 3.4. 

The stress criterion that must be used in this situ- 
ation is one in which it is possible to compare the actual 
multiaxial stress with the material strength expressed 
in terms of a single value for the yield or ultimate 
stress. For this purpose, there are several theories of 
material failure in use, of which the one usually con- 
sidered the most suitable for ductile materials such as 
ship steel is referred to as the Distortion Energy 
Theory. (This is also called the Octahedral Shear 
Stress Theory or Hueber-von Mises-Hencky Theory).* 

To illustrate the application of this theory, consider 
a plane stress field in which the component stresses 
are o,, o,, T and the corresponding principal stresses 
are o,, o,. The distortion energy theory states that 
failure through yielding will occur if the equivalent 
stress, o,, given by 


o,0, + 377)'2 
1 
1,07)? 


o.=(¢/7 + o7 — 
= (0, + oe = 


(105) 


exceeds the equivalent stress corresponding to yield- 
ing of the material test specimen. The standard ma- 
terial test data, however, are obtained from a uniaxial 
stress pattern for which o, = Cyiea O, = 0, andr = 
0. The material yield strength may, therefore, be ex- 
pressed through an equivalent stress at failure, a, 
obtained by substituting the above values into Equa- 
tion (105) or 


(106) 


The margin against yield failure of the structure is, 
therefore, obtained by a comparison of the structure’s 
o, against o, giving the result, 


Oo = yield 


of =o~t+a7—- oo, 


(107) 


Equation (107) is the equation for an ellipse in the o, 
o-plane and is illustrated in Fig. 61. Pairs of values 
(o,, a.) lying outside the ellipse correspond to failure 
by yielding according to this theory. 

4.3 Ultimate Strength of Box Girder in Yield. As we 
have noted earlier, the initial occurrence of local yield- 
ing does not necessarily signal the total collapse of the 
structure. Depending upon the importance and func- 


‘This theory, as noted in Timoshenko (1956), was first propounded 
by J. C. Maxwell in 1856. 
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Fig. 61 Failure contour according to the distortion energy theory 


tion of the structural member in question, the appro- 
priate design criterion may be severe, requiring the 
avoidance of any occurrence of yield, or it may be 
relaxed to require only the prevention of total collapse 
of the member. In the latter case, yield would be al- 
lowed to a limited extent under the maximum design 
load. Strength deck plating for example, might be de- 
signed so as never to experience yield under any cir- 
cumstances. Subdivision bulkhead stiffeners in a dry 
cargo hold could be designed to yield under conditions 
of flooding due to damage, so long as the bulkhead 
retains its watertight integrity, enabling the ship to 
remain afloat. 

As an illustration of the differences in design that 
may be introduced by the use of an ultimate strength 
versus a yield criterion, consider the maximum bending 
moment sustainable by a simple box girder with the 
thin-walled rectangular cross section shown in Fig. 
62a. Let us assume that the material stress-strain 
curve may be approximated, as shown in Fig. 62b, by 
two straight line segments. The initial, elastic part is 
given by a straight line having a slope equal to the 
modulus of elasticity. At a stress equal to yield, it is 
assumed that the strain increases indefinitely without 
further increase in stress. This is sometimes referred 
to as elastic-perfect-plastic behavior of the material. 
The behavior in compression is assumed to be similar 
to that in tension but with reversal of sign. 

The next Fig. 62c shows the stress distribution in 
the side of the box girder for the cases: 

e Stress is everywhere below yield stress, o>. 

e Stress has just reached yield at deck and bottom. 

e Stress equals yield everywhere across the sec- 
tion. 

In the first case, assuming the deck stress is just 
equal to yield, the moment supported by the section 


(resultant of the stress distribution) is: 


2 
M, = 0, (4oae 4 s) 

In the third case, with the stress everywhere equal 
to yield, 


(108) 
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Fig. 62 Ultimate strength of simple box girder 


oe (40a + 5 dt) (109) 


2 
If the cross section is square, b = d, then the ratio 
of the ultimate moment to the moment at yield is 


This shows that the beam is capable of supporting a 
bending moment at total collapse that is 12.5 percent 
higher than the moment causing the initial occurrence 
of yield. 

In a complex structure such as a ship the occurrence 
of progressive failure is seldom as simple as in this 
example since some parts may experience failure by 
buckling, and others by yield. The failure of one mem- 
ber in turn results in a redistribution of the load over 
the cross section and may drastically modify the load 
on other members. The analysis of the ultimate bend- 
ing moment, including both yield and buckling, has 
been carried out by Caldwell (1965). Results are pre- 
sented in the form of charts that clearly illustrate the 
effect of sectional geometry and buckling on the ulti- 
mate moment. 

The simple example given here illustrates an im- 
portant characteristic of real structures in which there 
often exists the capability of sustaining a total collapse 
load considerably in excess of that which initiates yield. 
The computation of the ultimate load capability of real 
ship structures by incremental finite element proce- 
dures is discussed in Section 4.9. 


4.4 Instability Failure and Its Prediction. The fun- 
damental characteristics of plate buckling were dis- 
cussed in Section 4.1. The loads that may cause 
buckling are the primary hull bending loads in the 
secondary panels of stiffened plating in deck and bot- 
tom, and the combined primary and secondary loads 
in the individual tertiary panels of plating between 
stiffeners. These in-plane stresses alternate between 
tension and compression as the ship moves through 
waves. Tensile or compressive yield failure, which was 
discussed in the previous section, occurs if the com- 
bined stresses in a member exceed the load carrying 
capability of the material of which the structure is 
fabricated. Buckling constitutes a different mode of 
failure which is possible as a result of instability of 
the members, and in some cases it may take place at 
a compressive load substantially less in magnitude 
than that necessary to cause material yielding. Insta- 
bility failure depends upon the material modulus of 
elasticity and member geometry. Its initial occurrence 
does not, however, depend upon either the material 
yield or ultimate strength. Such an instability or buck- 
ling failure may occur in a single panel of plating 
between stiffeners in a transversely framed ship. The 
buckling may also be more extensive, involving the 
stiffeners as well as the plating to which they are 
attached, and this is the more probable mode in the 
case of longitudinal framing. 

Two important modifications to the originally uni- 
form, unidirectional stress pattern in a plate are found 
as a result of buckling. First, tensile membrane 
stresses in the transverse direction are set up which 
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tend to resist the out-of-plane deformation. Second, the 
initially uniform longitudinal compressive stress dis- 
tribution in the plate changes. The compressive stress 
in the central, deflected portion of the plate is reduced 
below the average stress, and the compressive stresses 
near the restrained edges becomes greater than the 
average compressive stress in the panel. This is illus- 
trated in Fig. 63. If the total compressive load on the 
panel is increased sufficiently, the stress near the panel 
edges may reach the yield point of the material, re- 
sulting in permanent localized deformation. If the load 
is increased further, this will ultimately lead to total 
collapse of the panel as the yield zone continues to 
grow. If, on the other hand, the load is relaxed before 
yield stress is attained at any location, the panel will 
return to its original undeformed shape. Stiffeners, 
which are nearly always present in ship structures, 
will modify the behavior of the plate as they participate 
in carrying a part of the load, as discussed subse- 
quently. 

By the above reasoning, it is clear that the maximum 
load carried by the panel at the time of collapse may 
be substantially greater than the critical load at the 
onset of buckling. The ratio of ultimate failure load to 
critical load is higher for thin plates, i.e., those whose 
thickness is sma]l compared to their lateral dimensions, 
than it is for thick plates. In panels of plating having 
the proportions found in ship structures, this load ratio 
seldom exceeds two. In the following sections, we shall 
consider first the elastic buckling of simple plate 
panels, and then proceed to a discussion of the post- 
buckling behavior and ultimate strength of stiffened 
panels. 

4.5 Elastic Buckling of Rectangular Plates. The crit- 
ical stress is defined as the highest value of compres- 
sive stress in the plane of the initially flat plate for 
which a nonzero out-of-plane deflection of the middle 
portion of the plate can exist. For values of stress 
lower than the critical, the plate may be compressed 
in length but no deflection out of the initial plane oc- 
curs. The theoretical solution for the critical buckling 
stress in the elastic range has been found for a number 
of cases of interest, and is given by the Bryan For- 
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Fig. 63 Plate buckling nomenclature 


279 


mula, Equation (110). For a rectangular plate subject 
to a compressive in-plane stress in one direction, 


ai ?E () 
Ce TET — WANG 
where the plate nomenclature is shown in Fig. 63. 
Here k, is a function of the plate aspect ratio, a = 
a/b, the boundary conditions on the plate edges and 
the type of loading. If the load is applied uniformly to 
a pair of opposite edges only, and if all four edges are 
simply supported, then k, is given by 


2 
k, = é + <) 
a on 
where 


n is the number of half-waves of the deflected plate 
in the longitudinal direction. 


(110) 


(111) 


Fig. 64 presents, k, vs. a/b for rectangular plates 
with uniform compressive stress in one direction. Wah 
(1960), Chapter 5, presents graphs for a number of 
other cases including shear loads, linearly varying 
edge stress and elastic restraint on the plate edges. 

If a < 1 (wide plates), the critical stress will cor- 
respond to x = 1 and a more convenient expression 
for o, is given by 


seat Loaded Edges Clamped 
Loaded Edges Simply 
Supported 


Type of 
Support 
Along 
Unloaded 
Edges 


Fig. 64 Compressive buckling coefficients for plates 
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Fig. 65 Plate strength curves for simply supported edges (Faulkner, 1975) 
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where ¢ is the plate thickness. 
For very wide plates, a < 1, this may be replaced 
by the limiting value, 


- zal) 


For narrow, simply-supported plates, a > 1.0, the 
coefficient, &,, of Equation (110) is approximately 4 and 
the elastic critical stress is given by, 


_ we ty’ 
O30 - wv) (5) 

It should be emphasized that these formulations for 
critical stress do not describe the strength of the struc- 
tural member in question, nor do they even give a 
stress at which the load-carrying ability of the struc- 
ture can be expected to be impaired in any substantial 
way. Elastic material behavior is assumed even after 
buckling, and therefore, upon removal of the load, the 
buckled member will return to its original undeflected 
shape. So long as the support of the unloaded edges 
of the plate remains intact, the only effect of buckling 
will be a visible deformation of the surface of the plate 
and an increase in the apparent rate of panel overall 
strain versus stress. 

4.6 Postbuckling Behavior and Ultimate Strength of 
Simple Piates. In predicting the strength of a plate 
element, the objective is to determine the maximum 
average stress that the plate can sustain before the 
stress at some point reaches the yield stress of the 
material, at which point plastic deformation or panel 
collapse occurs. A complete theoretical solution for this 


(113) 
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(114) 


problem is lacking at the present time, and the designer 
in most cases must rely heavily upon empirical rules 
and data. The plate strength data in most common use 
are based upon the concept of an effective width, which 
follows directly from the typical plate stress distri- 
bution in the postbuckling regime, as shown in the 
right-hand part of Fig. 63. The effective width, b,, is 
defined as the reduced width of plate that would sup- 
port the same total load as the buckled plate, but at 
a uniform stress equal to the maximum stress, o,, at 
the plate edge 


b. = (1/e,) | o(y)dy (115) 


where 


o,(y) is stress in x-direction, 
bis plate width. 


Note that the definition of effective width, Equation 
(115), is equivalent to the definition of effective 
breadth, Equation (67). Some authorities reserve the 
term effective breadth to refer to the shear lag phe- 
nomenon and effective width to refer to the postbuck- 
ling phenomenon. This distinction in terminology is not 
universal, however. 

A comprehensive review of the numerous formula- 
tions proposed and in use for estimating 6, or related 
quantities for narrow unstiffened plates has been given 
by Faulkner (1975). Fig. 65 adapted from this reference 
gives the effective breadth ratio, b,,,/b, or equiva- 
lently, the ratio of maximum mean stress at failure to 
plate yield stress o,,/o,. The width parameter, £, 
against which these curves are plotted is 


B = (b/t) Vo./E 


(116) 
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It is derived as follows. Consider a simply supported 
plate under uniaxial compression. If the aspect ratio, 
a/b is greater than 1.0, the coefficient, #,, of Equation 
(110) is approximately 4 and the elastic critical stress 
is given, as in Equation (114), by 


ora 


For steel, where v is constant, 
o,« H(t/b)?’. 


If the plate width, 55, is chosen in relation to the 
thickness, t, so that o, equals the yield stress, ao), we 
obtain: 


b, = mt VE/3 (1 — Vv’) ao, « tWE/oy (118) 


The factor B in Fig. 65 is proportional to the ratio of 
the actual width to this nominal width, given by, 


B= | VeyE 


This width parameter is often referred to as the plate 
slenderness ratio. 

For steel, where the value of Poisson’s ratio is v = 
0.8, the actual value of b, in Equation (118) becomes, 


b, = 19t VE/a, (120) 


For typical mild steel the yield strength, a, is about 
241 MPa (35,000 psi) and 6,, from Equation (119), is 
approximately 55 t. On the basis of experimental data, 
a somewhat lower value of 50t is sometimes stated as 
an appropriate effective width of plating to be used in 
design. 

A suitable design formula for expressing the effec- 
tive width of simply supported rectangular plates with- 
out residual stress is suggested, 

Dem 


o,=4 (117) 


(119) 


(121) 


where 


bem = Minimum effective width 
Om = Maximum average plate stress 


The effectiveness of plating in compression will also 
be modified by three factors, in addition to plate di- 
mensions and material properties: 

e Initial deformation, due principally to welding 
distortion. 


e Residual stresses also resulting from welding. 

e Normal pressure. 

It is suggested that if the maximum initial panel 
deflection is less than 0.3t, buckling strength is not 
affected. On the other hand, Faulkner (1975) reports 
the results of numerous measurements of ships in 
drydock which indicate that larger deformations may 
be expected in lightly plated naval vessels. 
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Fig. 66 Four modes of stiffened panel buckling 


The effect of residual stress also is to reduce the 
maximum mean stress that the plate can sustain. For 
values of B > 2, it is suggested that o,, be merely 
reduced by o,, where o-, is the value of residual stress. 
For lower values of £, the reduction is dominated by 
inelastic effects and results may be found in Bleich 
(1952). These results are plotted, along with experi- 
mental data, in Fig. 65. 

Bleich (1952) and others have indicated that the ef- 
fect of normal pressure is to increase the critical buck- 
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ling stress of flat panels. However, for the plate 
dimensions and pressures encountered in ship plating, 
this effect is small and may usully be neglected. The- 
oretical and experimental studies reported by H. 
Okada et. al. (1980) have shown that the effect of nor- 
mal pressure on the ultimate strength of ship plating 
is usually negligible, as well. 

4.7 Elastic Buckling of Stiffened Panels. In the pre- 
vious section, we have considered the stability and 
strength of individual simple plate panels with various 
types of edge restraint. Stiffened plate panels are of 
greater practical interest, in particular when subject 
to in-plane loading resulting from the primary bending 
of the hull girder. This type of buckling behavior, as 
was the case with the bending behavior treated in 
Section 3.8, will involve the interaction of plates and 
stiffeners in response to the applied loading. In the 
case of longitudinally-framed ships, the stiffened panel 
behavior plays a more important role than the individ- 
ual plate panel in determining the ultimate strength 
of the ship’s structure since, in this case, catastrophic 
buckling of the simple panel is nearly impossible with- 
out the involvement of its associated stiffeners. On the 
other hand, for transversely-framed ships, individual 
panel buckling with the frames forming nodal lines is 
the most probable buckling mode. For a comprehensive 
review of the buckling behavior of stiffened plate 
panels, the reader is referred to Mansour (1977). 

Four different modes of buckling are usually rec- 
ognized in describing the behavior of a stiffened plate 
panel and these are illustrated in Fig. 66. 

e Mode 1 is the simple buckling of the plate panel 
between stiffeners and was discussed in the previous 
section. 

e Mode 2 consists of flexural buckling of the in- 
dividual stiffener together with its effective breadth of 
plating in a manner analogous to a simple column. For 
a panel with the edges simply supported, Mansour 
gives the following expression for the critical stress: 
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Here, J is the effective moment of inertia of the 
stiffener plus associated plating, where 


A is the total cross section area, 
A, is the shear area, 

lis length of the stiffener, 

Gis shear modulus. 


The effect of shear deformation is seen to be included 
in this expression. A treatment of panels subject to 
other boundary conditions is given in Bleich (1952). 

e Mode 8 is referred to as the lateral-torsional or 
tripping mode. In this mode, the stiffener is relatively 
weak in torsion, and failure is initiated by twisting of 
the stiffener in such a way that the joint between stif- 


ea 


(a) INTERFRAME FLEXURAL BUCKLING (MODE 2) 


{c) OVERALL GRILLAGE BUCKLING (MODE 4) 


Fig. 67 Examples of test panel failure (Smith, 1975) 
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fener and plate does not move laterally. A portion of 
the adjacent plate may participate in the twisting, and 
the flange of the stiffener may twist together with the 
web, or the two may twist differentially. The critical 
stress for the lateral-torsional mode 3 is given by a 
formula from Bleich (1952), p. 138, 


we 
(l/r.) 


Here, is J is stiffener length, 
is r, is effective radius of gyration of the cross 
section. 

Bleich gives expressions and charts from which to 
estimate the effective radius of gyration for a variety 
of stiffener cross sections. 

In general, the means of predicting the occurrence 
of this mode of buckling are somewhat less reliable 
than the other three modes. Fortunately, mode 3 may 
usually be avoided by fitting tripping brackets to the 
web of the stiffener, and it does not appear to play an 
important role in determining ultimate strength of the 
hull. 

@ Mode 4, overall grillage buckling, has been 
treated by Mansour (1976, 1977) using orthotropic 
plate theory. The following expressions, taken from 
the latter reference may be used in this case if the 
number of stiffeners in each direction exceeds 3. For 
gross panels under uniaxial compression the critica] 
buckling load is given by, 
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where B is gross panel width, h, is effective thickness, 
k is given by different expressions, depending on the 
boundary conditions, 

* For simply supported gross panels, 


(123) 
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m . p? 
e For gross panels with both loaded edges simply 
supported and both of the other edges fixed, 


m? 2 
k= oy + 259 + 5 (126) 


where 


m is number of half-waves of buckled plate, n and 
p are defined in Equations (92) and (98). 


The Mansour (1976) reference contains an extensive 
treatment of the behavior of orthotropic plate panels 
in the buckling and elastic postbuckling range. Design 
charts are given which contain the mid-panel deflec- 
tion, critical buckling stress, and bending moment at 
the mid-length of the edge. The loading conditions in- 
clude normal pressure, direct in-plane stress in two 
directions and edge shear stress. 
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Fig. 68 Failure regimes in compression 


4.8 Ultimate Strength of Stiffened Plate Panels. 
The previous section has dealt with stiffened panels 
whose behavior remains in the elastic range. The ul- 
timate strength involves deformations in which the 
material behavior is no longer elastic, and combina- 
tions of analytic, numerical and experimental methods 
have been employed to obtain understanding and de- 
sign information. Failure is usually observed to occur 
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in one of the four modes defined in the previous section. 
The aforementioned reference by Mansour (1976) con- 
tains charts from which predictions may be made of 
the large-deflection behavior in Mode 4 up to the ini- 
tiation of yield. 

As noted by Smith (1975), despite a considerable 
body of research, the understanding of collapse be- 
havior of welded grillages is far from complete, and 
much reliance is still placed upon experiments, Fig. 67, 
reproduced from this last reference, shows test panels 
of stiffened plating in which examples of panel failures 
in each of the modes 2 to 4 listed above were observed. 

If the panel buckling occurs by one or more of the 
mechanisms shown in Fig. 66, the stress-strain curve 
for the corresponding part of the deck or bottom struc- 
ture can no longer be represented by the ideal elastic- 
perfectly plastic curve of Fig. 4.2. 

While the tension side of the curve will level off and 
remain at the constant stress level corresponding to 
yield, the compressive behavior is somewhat more com- 
plex as may be seen by considering the behavior of a 
single stiffener and its associated plating under a com- 
pressive load. This is illustrated in Fig. 68, where we 
see three distinct regimes in the behavior of the load 
versus deformation: 


(a) Simple elastic strain or shortening before buck- 
ling occurs. 

(b) After initial buckling but before the develop- 
ment of extensive yield in the stiffener. 

(c) Development of yield over the full depth of the 
member to form one or more plastic hinges, normally 
at the ends and mid-span. 


From considerations similar to those that underly 
Equation (109), we see that the fully plastic resisting 
moment that may be developed in case (c) remains 
constant if there is further out-of-plane deflection of 
the stiffener. If the external compressive load, P, were 
to remain constant, the bending moment at the mid- 
span point would increase with increase of out-of-plane 
deflection since the moment is equal to the product of 
the external load and deflection, 6/. Increased out-of- 
plane deflection is accompanied by a shortening of the 
distance between the two ends of the stiffener (appar- 
ent strain). We see therefore, that in order to maintain 
moment equilibrium, it is necessary for the external 
compressive load to decrease with increase in apparent 
strain of the stiffener beyond the point of formation 
of the plastic hinges. This effect is termed unloading 
of the member. 

An idealized graph of the load versus apparent strain 
is shown in Figure 69. Here, the tension side is char- 
acterized by a nearly linear elastic zone followed by 
an idealized plastic zone in which the load remains 
constant with increasing strain. The compression side 
of the graph exhibits the three zones described above. 
The first is the elastic compression without buckling. 
The second corresponds to either compressive plastic 


PRINCIPLES OF NAVAL ARCHITECTURE 


COMPRESSION TENSION 


Fig. 69 Idealized load versus strain 


yield or elastic buckling, whichever occurs at the lower 
loading. The third is the unloading regime in which 
fully plastic hinges have developed in the stiffener. 

4.9 Ultimate Strength of the Hull Girder. In the ship 
structure, we have numerous plate-stiffener panel 
members. At any given instant, many of these mem- 
bers are subject to compressive loads and the loads 
vary in intensity depending upon the location of the 
member within the ship. Under conditions of extremely 
severe hull loading, it is apparent that the most highly 
loaded compression members may experience buckling 
and plastic yield and go into the zone of unloading as 
described above. A portion of the load that would 
otherwise be carried by such members is then shifted 
to nearby intact members. A further increase in the 
hull loading beyond this level will result in some of 
these members becoming so heavily loaded that they 
now experience yield. Further increase in the hull load- 
ing will eventually lead to total collapse of the struc- 
ture as a complex sequence of interdependent panel 
collapses. 

The ultimate strength of the hull is therefore a com- 
posite of the ultimate strength characteristic of all of 
these panels. The ultimate collapse behavior of the 
individual panel alone is a complex subject not ame- 
nable to a simple analytical description. Since each of 
the numerous panels making up the ship differs in 
geometry, loading and boundary conditions, there is 
obviously considerable difficulty in developing a com- 
prehensive analytic solution for the entire hull. Early 
investigations of hull ultimate strength have usually 
been experimental in nature. The most informative of 
these have been conducted on actual obsolete ships by 
applying static loads to the ship in drydock through 
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Fig. 70 Compressive stress-strain curves for stiffened panels 
(Dow et al, 1981) 


ballast shifts and dewatering the dock. The reference 
by Vasta (1958) contains descriptions of several classic 
experiments of this type. 

At the present time it is possible to perform an 
approximate numerical analysis of the ultimate 
strength of the ship hull by using nonlinear finite- 
element methods. Two examples of such analyses are 
described by Smith (1977) and Dow, et al (1981). (The 
latter includes a description of computer program, 
ULTSTR, intended for design use.) In these proce- 
dures, the hull cross-section is first subdivided into a 
number of panels consisting of plating and the asso- 
ciated stiffeners, and for each such panel the load- 
shortening curve of approximately the form of Fig. 69 
is constructed. This can be accomplished by any of a 
number of methods. Experimental data could be used 
or, alternatively, one might perform a nonlinear finite 
element analysis of the individual panel itself. A third 
procedure would employ one or more analytic for- 
mulations suitable for describing the large amplitude 
deflection to be experienced by the member in the fail- 
ure regime. Example stress-strain curves for plate- 
stiffener panels obtained by Dow, et al (1981) using a 
nonlinear finite element analysis are shown in Fig. 70. 
The unloading behavior in compression is clearly ob- 
served in this figure. 

An appropriate collection of such elementary mem- 
bers is then assembled in order to represent the mid- 
ship portion of the ship’s hull. Some hard corner 
elements that exhibit exceptionally high buckling re- 
sistance will be included to represent portions of the 
structure at shell-deck or bulkhead-shell intersections 
where buckling is not expected to be the primary fail- 
ure mode. An example of such a discrete model is 
shown in Fig. 71. 

The hull is then subjected to an incrementally in- 
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Fig. 71 Midship section of destroyer Albuera showing elemental subdivision 


(Dow et al, 1981) 


creasing bending deflection pattern in which it is as- 
sumed that cross sections that are initially plane 
remain plane after deflection and experience only ro- 
tation about an assumed neutral axis. It is recalled 
that a similar assumption was made in developing the 
equations of elementary beam theory. After this ro- 
tation, the strain of each longitudinal member is de- 
termined to correspond with the assumed position of 
the neutral axis. By reference to the stress-strain 
curves of each member the stress, and thus the load 
on that member, are determined. Next, the loads and 
their moments are summed over all members making 
up the cross section. The total load must be zero for 
longitudinal force equilibrium, and the total moment 
must be equal to the external hull bending moment at 
the cross section in question. As a result of the non- 
linear stress-strain behavior of the members, the neu- 
tral axis will, in general, not be located at the geometric 
centroid of the cross section. A trial and error proce- 
dure must, therefore, be used at each increment of 
angular deflection in order to find the neutral axis 
location that results in equilibrium of longitudinal 
forces. Once this has been obtained, the moment of 
the longitudinal forces in the member may be com- 
puted. See also the papers by Billingsley (1980) and 
Chen, et al (1983), with discussions. 

Typical results for naval ships from Dow, et al (1981) 
and Smith (1977) are shown in Figs. 72 and 73, re- 
spectively. Several interesting characteristics are re- 
vealed by such computations. For example, it is quite 
apparent that, for the lightly-built type of ship inves- 
tigated here, the ultimate strength of the midship sec- 
tion will be substantially less than the strength 
corresponding to yield failure alone, as was depicted 
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Fig. 72 Midship bending moment-curvature relationship, by theory and ex- 
periment (Adamchak, 1982) 


in Fig. 62. Furthermore, we observe an unloading ef- 
fect in the overall hull strength that is similar to the 
unloading phenomenon in individual plate-stiffener 
members. If we compare the strength curves corre- 
sponding to hogging to those in sagging, an asym- 
metry is apparent which may be attributed to the 
difference in the buckling strength of deck and bottom 
structure. 

On the other hand, heavily built ships such as tank- 
ers and most longitudinally framed commercial vessels 
can be designed to avoid buckling up to the load at 
which full compressive strength is attained. This re- 
quires a proper balance among plate thickness, stif- 
fener (frame) scantlings and frame spacing (Faulkner, 
1981). When such a balance cannot be obtained, the 
procedure described previously is available to deter- 
mine a realistic value of ultimate strength. 

4.10 Vibratory Response to Dynamic Loads. Two 
types of dynamic loading were discussed in Section 
2.11, one being a slamming impact on bottom or flare 
forward, followed by transient vibratory whipping, 
and the other a more-or-less steady-state random vi- 
bration or springing excited by certain wave fre- 
quency components. 

Considering the response to slamming first, the de- 
termination of the local structural response involving 
damage requires consideration of the inelastic behav- 
ior of the structure. The computation of the overall 
whipping response may be performed using a linear 
elastic model. Mansour and D’Oliveria (1975) have de- 
veloped a procedure for computing the combined rigid- 
body and elastic dynamic response of a ship to head 
seas. Their results, as well as full-scale experimental 
data from Lewis, et al (1973), and others, have shown 
that the whipping induced stresses amidships may be 
equal in magnitude to the wave-frequency bending 
stresses. High-speed craft, which present special prob- 
lems, are treated in Section 3.15. 
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Case A: the entire cross-section is assumed to fol- 
low an elastic-perfectly plastic stress-strain 
curve, buckling effects being ignored. 

Case B: element compressive stress-strain curves 
follow trends predicted by a detailed nonlinear 
F. E. analysis of stiffened panel behavior up to 
peak loads and thereafter remain horizontal, ie 
post-buckling reduction of load is ignored. “hard 
corners” are assumed to have conservative 
areas. 

Case C: element compressive stress-strain curves 
are as in Case B except that post-buckling load 
reductions are included; “hard corners” have 
double the areas shown in Case B. 

Case D: same as Case C except that “hard corners” 
have the same areas as Case B. 

Case E: same as Case C except that “hard corners” 
are eliminated, the entire cross-section being as- 
sumed to follow the computed panel stress- 
strain curves. 


Fig. 73 Midship bending moment-curvature relationships for destroyer hull 
girder, under various assumptions (Smith, 1977) 
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The combining of whipping loads or stresses with 
low-frequency bending loads involves problems of 
phasing (see Lewis, et al, 1973) and of duration of the 
high-frequency load peaks. As noted by Dow, Hugill, 
Clark and Smith (1981), ““Whipping of a ship’s hull due 
to slamming or explosive loading can cause large ad- 
ditional hull girder bending moments, but because of 
their transient nature, these loadings may be less ef- 
fective in producing plastic collapse than the more 
slowly varying bending moment due to buoyancy 
effects.” On-going research is needed to determine 
how significant whipping stresses are in producing hull 
failures. 

Meanwhile, a number of cases of deck buckling have 
been reported on ships with large flare forward, which 
seem to have been associated with slamming and whip- 
ping (McCallum, 1975). The transient loading associ- 
ated with flare immersion is characterized by a longer 
duration of impact than bottom slamming. Elementary 
beam theory shows that the dynamic load factor will 
therefore in general! be greater. For example, consider 
the case of a 500-ft cargo ship with natural period of 
vibration, 7, of 0.75 s. Assume that the duration of a 
bottom slam impact, ¢, is 0.1 sec and of a flare im- 
mersion impact is 0.5 sec. Then in the first case ¢,/7 
= 0.18 and in the second t,/T = 0.67. Simple theory 
(Frankland, 1942) assuming triangular or sinusoidal 
pulses gives a magnification factor of 0.3 in the first 
case and 1.5 in the second. A theoretical treatment of 
the important case of flare immersion has been given 
by Kaplan and Sargent (1972). 

One difficulty in estimating slamming response for 
design purposes is that the relative vertical velocity 
when a slam occurs depends on the ship’s speed and 
heading, as well as on the severity of the sea. Hence, 
it is to some extent under the control of the ship mas- 
ter. As shown by Maclean and Lewis (1970), the highest 
slamming loads actually recorded on a typical cargo 
ship did not increase with sea severity after a certain 
level was reached, since speed was gradually reduced 
voluntarily by the captain. This suggests the need for 
more data on actual slam loads permitted to be ex- 
perienced by ships of various types. 

For naval ships impact on above-water appendages 
is a problem. Keane (1978) has pointed out that, ‘‘no 
analytic methods exist for assessing the hydrodynamic 
loads imposed upon sponsons at various heights above 
the waterline during the early stages of design.” How- 
ever, the U.S. Navy has developed empirical rules for 
use in design. 

Springing has been found to cause significant in- 
creases in wave bending moments and stresses only 
in the case of long, flexible ships of full form, partic- 
ularly Great Lakes bulk ore carriers and a few ocean- 
going bulk vessels. The solution to the problem of 
vibratory springing involves the assumption of an ““Eu- 
ler” or “Timoshenko” beam on an elastic foundation 
(the sea). The equations of motion in a vertical plane 
are set up, balancing the wave excitation against the 
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elastic beam response of the hull, including effects of 
mass inertia and added mass, and both structural and 
hydrodynamic damping, as discussed in a general way 
in Chapter VI, Vol. II. The solution for the simple 2- 
noded case is of particular interest, and such solutions 
have been given by Goodman (1971) and Hoffman and 
van Hooff (1976); Stiansen, et al (1977) describe the 
ABS computer program SPRINGSEA II for carrying 
out routine calculations of linear springing response. 
As shown by mode! tests (Hoffman and van Hooff, 
1976) and confirmed by Troesch [(1984a)], the bending 
moment response operator (at constant speed in head 
seas) shows an oscillatory character when plotted 
against wave length (encounter frequency.) Peaks cor- 
respond to wave lengths such that hydrodynamic 
forces at bow and stern reinforce one another. (Forces 
along most of the ship length tend to cancel out.) 

Bishop, et al (1977) presented a more general the- 
oretical approach, which however does not provide a 
solution to the important problem of damping. Stiansen 
(1984) notes that hydrodynamic damping is negligible 
and “the overall damping primarily consists of the 
speed correction, proportional to the derivative of 
added mass, and structural and cargo damping.” Anal- 
ysis of full-scale data on the Stewart J. Cort gave 
results in good agreement with damping coefficients 
calculated by SPRINGSEA II. 

Stiansen (1984) reviews recent research under ABS 
sponsorship on this and other aspects of dynamic be- 
havior of large Great Lakes bulk carriers. Experiments 
in waves (Troesch, 1984) on a model jointed amidships 
measured both wave excitation and springing re- 
sponse. He found that in addition to the response at 
w,, the encounter frequency, there was a measurable 
springing excitation at 2w, and sometimes at 3w,. 
Should 2, or 3w, equal w,, the natural two-noded 
frequency of the hull, there will be a large increase in 
the springing response. This non-linear response is 
quadratic in wave amplitude; if wave amplitude dou- 
bles, response increases by a factor of four. The ex- 
periments also showed that response in the natural 
frequency is excited when the sum of the encounter 
frequencies of two wave components equals the nat- 
ural frequency. See Chapter VII, Section 5, Vol. III. 

Troesch (1984) made use of exciting functions (first 
and second order inelastic bending moments) deter- 
mined experimentally on a jointed model to calculate 
the 2-noded springing response in typical Great Lakes 
wave spectra. Results showed that at certain speeds 
the combined first and second order resonant response 
was significantly greater than the first order alone. 
Work continues on developing a theoretical basis for 
calculating the non-linear springing response, follow- 
ing the approach of Jensen and Pedersen (1981). 

4.11 Cumulative Fatigue Damage. Fatigue consti- 
tutes a major source of local damage in ships and other 
marine structures, since the most important loading 
on the structure, the wave-induced loading, consists 
of large numbers of load cycles of alternating sign. 
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The effects of fatigue are especially severe in locations 
of high stress concentration, and fatigue cracks have 
sometimes proven to be the triggering mechanism for 
brittle fracture. The prevention of fatigue failure in 
ship structures is strongly dependent on proper atten- 
tion to the design and fabrication of structural details 
in order to reduce stress concentrations. This must be 
followed by thorough and regular inspection of the 
structure in service in order to detect and repair any 
fatigue cracks that do occur before they can grow to 
such size that the structure is endangered. 

Much of the quantitative information on fatigue has 
been obtained by experiments in which an alternating 
load is applied to a simple test specimen. In the most 
usual form of this experiment, the loading varies 
sinusoidally in time with constant amplitude and fre- 
quency. Under such a load, it is found that many en- 
gineering materials, including the steels commonly 
used in shipbuilding, will fracture after a sufficient 
number of cycles even though the alternating stress 
amplitude is less than the static yield stress of the 
material. The number of cycles that results in fracture 
of the specimen is found to depend on the amplitude 
of the alternating stress, and this number is less the 
higher the stress amplitude. For a sufficiently low 
stress level, some materials are found to be capable 
of withstanding an (apparently) indefinitely large num- 
ber of cycles, and this threshold stress level is termed 
the endurance limit. A graph of stress amplitude 
versus the number of cycles to failure is termed the 
S-N curve, and an example is shown in Fig. 74, where 
o is the fracture stress and o, is the yield stress. It 
is clear that the S-N curve is usually well-defined in 
the high-cycle range (as defined in Section 4.1), but 
more uncertain in the low-cycle range at stresses near 
the yield point. 

The resistance of a material to fatigue failure de- 
pends on a number of factors including the material 
itself, the surface finish, corrosion extent and the pres- 
ence of stress concentrations. The simple sinusoidal 
loading that was described in the previous paragraph 
is approximated in the load experience of certain ma- 
chinery parts that are subject to forces caused by ro- 
tational unbalance or vibration. Such parts are usually 
fabricated to close tolerances and operate in a uniform 
environment, all of which contribute to a relatively 
predictable fatigue life. The ship hull structure, on the 
other hand, is exposed to loads that vary randomly in 
time, the parts are fabricated by welding with much 
looser tolerances than machine parts, the surface finish 
is relatively rough and the structure is exposed to a 
harsh and corrosive environment. 

The prediction of the fatigue life of the hull structure 
is, therefore, much less certain than the corresponding 
prediction for many other types of members such as 
machinery components. Consequently, fatigue damage 
computations have seldom been made for ship struc- 
tures despite the recognized importance of fatigue as 
a ship structural failure mechanism. Fortunately, fa- 
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tigue cracks have been mostly of the nuisance variety 
occurring in poorly designed brackets and other de- 
tails, requiring repair at times of overhaul. Cracks 
in longitudinal strength members can be readily de- 
tected and repaired before the safety of the ship is 
threatened. 

Fatigue damage criteria have, however, been applied 
in the design of some offshore structures. Here the 
nature of the loading and the structural response are 
such that the computations are somewhat more reli- 
able in predicting structural failure than in the case 
of ships. It is anticipated that the development of such 
techniques will in time be applied to refining the struc- 
tural design of ships. 

A major source of difficulty in predicting fatigue 
damage in ships and other marine structures lies in 
the form of the alternative loading, which is a random 
rather than simple periodic function. As we have seen 
in Section 2, the stress at a given location in the ship 
varies in an irregular fashion, which may have an ap- 
proximately constant mean value over a short term, 
but even this mean value changes with changes of sea 
state and ship loading. The estimation of the fatigue 
damage or, rather, the probability of fatigue failure 
in the random loading case is usually performed ac- 
cording to a procedure proposed by Miner (1945). By 
the Miner hypothesis, it is assumed that one cycle of 
the randomly varying stress, having an amplitude s,, 
causes an amount of fatigue damage in the following 
proportion: 


(127) 
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Here, N; is the Number of cycles of a sinusoidally 
varying stress of amplitude s; required to cause failure. 
The cumulative damage due to fatigue during ex- 
posure to the random stress environment will then be 
given by 
nN; 
D p> N (128) 
Here n; = the number of cycles of stress of level s, 
during the period of exposure and the summation is 
taken over all levels of stress experienced during the 
period of time under consideration. Failure of the 
structure is then presumed to occur when the length 
of exposure is sufficient for this sum to equal unity. 
For the spectral representation of the seaway and, 
thus, the stress environment, the fatigue damage sum- 
mation may be expressed in a more compact form, in 
the high-cycle case. Let »(s) be the probability density 
function for the stress. This is defined so that the 
quantity, p(s,) ds equals the fraction of all of the os- 
cillatory stress peaks whose values lie in the interval 
ds centered on the mean value s,. We shall assume 
that the average frequency of the randomly varying 
stress is fand that the total time of exposure is 7: The 
incremental damage caused by all of the stress oscil- 
lations of amplitude s, occurring during the interval 7 
is then given by 


dD = Tf p(s,) ds y N(s,) (129) 


where M(s,) is the number of cycles to failure at stress 
$, as obtained from the S—N curve for the material 
or the structural component. 

The expected value of the total damage during the 
time period 7 is then given by the integral of Equation 
(129), or 


* p(s) ds 


Ns) (130) 


E[D] = Tf 


The S—N curve in the high-cycle range is sometimes 
approximated by the following function, which is 
piecewise linear in log-log coordinates. 


NS? = C (131) 


The distribution function, p(s), is often approximated 
by a Rayleigh distribution 


eae (- s° ) 
Mos . 2 Mos 
In this case, the integral in Equation (129) can be eva)- 
uated, giving 


(132) 


p(s) = 


E[D] = = V2 m2, T (1 + b/2) (133) 


Here [ (x) is the Gamma function. 
The prediction of fatigue life by the above procedure 
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involves uncertainties that depends upon three general 
categories or sources of error: 

e Uncertainty in the estimated stress levels, in- 
cluding errors of stress analysis and errors in the load- 
ing prediction for the ship in the random sea 
environment. 

e Uncertainty in the basic fatigue life data for the 
structural detail in question, including scatter in the 
experimental data for the detail and effects of work- 
manship and fabrication in the real structure. 

e Uncertainty in the basic cumulative damage rule 
(Miner’s hypothesis). 

Predicting cyclic loading (or stresses) from long- 
term distributions is discussed in Section 2.9. Of 
course, this procedure covers only primary bending 
loads, not local cyclic loads that may also be important 
for fatigue but are less well understood. 

In welded structures such as ships, the fatigue 
strength is found to be closely related to the geometry 
and workmanship of the structure. For the steels com- 
monly used in ship construction, fatigue strength is 
not strongly dependent on the material itself. Fatigue 
cracks in actual structures are usually found in details, 
of which examples are hatch corner reinforcements, 
beam-bracket connections, and stiffener-bulkhead in- 
tersections. In addition to attention to the design of 
such details, a high level of workmanship, including 
accurate fit-up and alignment of components, and good 
weld quality are of importance in achieving fatigue 
strength. 

A very comprehensive treatment of the high-cycle 
fatigue characteristics of ship structural details is pre- 
sented in a report by Munse (1983). Fatigue design 
criteria from other fields of engineering are examined 
with the objective of developing simple criteria for the 
design of ship structural details. An extensive catalog 
of structural details has been compiled and fatigue 
data for these details are presented in tabular and 
graphical form. Methods of combining these data with 
information on ship loading are presented and the er- 
rors and uncertainties in both the fatigue data and in 
the computations of fatigue life are examined. 

On the basis of an assumed lifetime cyclic loading 
pattern, it is possible to use these data to determine 
whether specific structural details can be expected to 
suffer high-cycle fatigue cracking during the ship’s 
lifetime. If so, that particular detail can be redesigned. 

Several difficulties in principle arise in applying the 
Miner hypothesis to ships and ocean structures. The 
infinite upper limit of the integral in Equation (180) in 
conjunction with the use of an analytic expression for 
the distribution function implies the possibility of oc- 
currence of infinite or very high stress cycles, which 
would exceed the ultimate strength of the material. 
Cycles exceeding yield contribute to what was de- 
scribed in Section 4.1 as low-cycle fatigue damage. One 
cycle exceeding the ultimate would, presumably, cause 
fracture of the part under examination. Because of 
these and the other sources of uncertainty listed, the 


290 


estimate of damage by the Miner hypothesis must be 
considered a probabilistic estimate, to be characterized 
by its own level of uncertainty. 

In the design criteria that are based upon the Miner 
hypothesis, it is customary to allow for the uncertain- 
ties by requiring the structure to have an extended 
value of the estimated fatigue life or, equivalently, a 
value less than unity for the damage parameter, E(D) 
in Equation (133). The American Bureau of Shipping 
(1983) recommends that steel offshore structures be 
designed to have an estimated fatigue life of two to 
three times the design life of the structure. The factor 
of two is to be used in structures having a sufficient 
degree of redundancy that failure of the member under 
consideration will not result in catastrophic failure of 
the structure. If the degree of redundancy is less or 
if the redundancy would be significantly reduced by 
fatigue, the factor of three is to be used. Det norske 
Veritas (1977) recommends values for #(D) ranging 
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1.0 for minor members which are readily accessible. 

Low-cycle fatigue failure is less well understood 
than the high-cycle type discussed above. However, 
since it is known to occur only when cyclic stresses 
reach the yield point, conservative design can be based 
on the avoidance of stresses exceeding that level at 
points of stress concentration, particularly in longi- 
tudinal strength members. 

The prevention of fatigue failure is of paramount 
importance in submarine design, where the designer 
must deal with the fatigue life of highly stressed de- 
tails in the 20,000-cycle range. This relatively low fa- 
tigue life is in the low-cycle range. Since any fatigue 
crack will destroy the watertight integrity of the pres- 
sure hull or of any other structures, such as tank 
bulkheads, which experience submergence pressure, 
and in some cases, may impair the capacity of the struc- 
ture to resist applied loadings, special attention must 
be given to the fatigue resistance of the many critically 


from a low of 0.1 for major structural members that stressed structural members and details of 
are inaccessible for regular inspection and repair to submarines. 
Section 5 


Reliability of Structures 


5.1 General Aspects. As we have seen from the 
material in the preceding sections, there is a certain 
degree of randomness or uncertainty in our ability to 
predict both the loads imposed on the ship’s structure 
(the demand) and of the ability of the structure to 
withstand those loads (the capability). The sources of 
these uncertainties include phenomena that can be 
measured and quantified, but cannot be perfectly con- 
trolled or predicted by the designer, and phenomena 
for which adequate knowledge is lacking. The terms 
objective or random uncertainties are sometimes ap- 
plied in describing the former, and the terms system- 
atic or subjective are used in describing the latter. In 
principle, the objective uncertainties can be expressed 
in statistical terms, using available data and theoret- 
ical procedures. The systematic uncertainties, which 
are known to exist but which cannot be fully quantified 
as a result of a lack of knowledge, must be dealt with 
through judgment and the application of factors of 
safety. 

An example of an objective uncertainty is the vari- 
ability in the strength properties of the steel used in 
constructing the ship. The magnitude of this variability 
is controlled to some extent through the practices of 
specifying minimum properties for the steel, and then 
testing the material as produced by the steel mill to 
insure compliance with the specifications. Departures 
from the specified properties may exist for several 
reasons. The sampling and testing cannot, for practical 


reasons, be applied to all of the material going into 
the ship, but only to a limited sampling of the material. 
Some of the material, as a result of slight variations 
in its manufacturing experience, may exhibit different 
properties from those of material manufactured by 
supposedly identical procedures. After arrival in the 
shipyard, the material properties may be altered by 
the operations such as cutting, forming and welding 
which are involved in building it into the ship. These 
variations in properties may be reduced by a more 
rigorous system of testing and quality control, all of 
which adds to the final cost of the ship. A compromise 
must therefore be reached between cost and the level 
of variation or uncertainty that is considered accept- 
able and that may be accommodated by the degree of 
conservatism in the design. 

The subjective uncertainty, on the other hand, can- 
not be quantified on the basis of direct observation or 
analytical] reasoning, but must be deduced by indirect 
means. The most common source of this uncertainty 
is a deficiency in the understanding of a fundamental 
physical phenomenon or incomplete development of 
the mathematical procedures needed for the purpose 
of predicting a certain aspect of the structural re- 
sponse. An example of incomplete theoretical knowl- 
edge is the small amplitude limitation inherent in the 
linear theory of wave loads and ship motions as out- 
lined in Section 2.7 of this chapter and in Chapter VII. 
An analogous limitation exists in the application of 
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linear elastic theory to the prediction of the structural 
response. Even though there have been important ad- 
vances in theoretical and computational methods of 
nonlinear structural analysis, there is still a significant 
element of uncertainty in predictions of structural be- 
havior in the vicinity of structural collapse. In this 
region, nonlinear material behavior as well as nonlin- 
ear geometric effects are present, and the overall re- 
sponse may involve the sequential interaction of 
several elementary response phenomena. It is, of 
course, the goal of ongoing research to change these 
subjective uncertainties into objective uncertainties. 
It is clear, therefore, that the design of ship struc- 
tures must take into account the uncertainties in the 
predictions of both demand and capability of strength. 
In order to arrive at the most efficient structure that 
will achieve an acceptable degree of reliability, it is 
necessary to attempt to quantify the uncertainties and 
to allow for their possible magnitudes and conse- 
quences. Three categories or classes of design proce- 
dure are now recognized and have been applied as a 
means of quantifying these uncertainties and incor- 
porating such quantification into the design process. 
They are termed by Faulkner and Sadden (1979): 


e Level 1—Deterministic or safety factor meth- 
ods. 

e Level 2—Semi-probabilistic methods. 

e Level 3—Fully probabilistic methods. 


5.2 Level 1—Safety Factor Methods. Essentially, 
the traditional safety factor approach assumes that a 
“worst load” can be evaluated and a load under which 
the structure will just fail can similarly be determined. 
The safety factor represents an elementary attempt 
to quantify the combined effect of the uncertainties in 
both of these estimates, although in an empirical and 
indirect manner. The safety factor is just the ratio of 
the calculated capability, C, (failure load or strength) 
to the calculated demand, D (worst load), provided that 
both are expressed in dimensionally similar quantities, 


F=C/D (134) 


The safety factor, F, is normally greater than unity, 
implying a margin of safety of 1.0 — F in the load- 
carrying capability of the structure to compensate for 
the designer’s inability to predict either demand or 
capability with absolute certainty. Very often the de- 
mand is based upon a highly idealized and presumably 
conservative computation exemplified by the practice 
of poising the ship in an attitude of static equilibrium 
on the crest of a wave of some standard height, then 
applying elementary beam theory to compute the 
structural response (Section 2.3). The structural ca- 
pability is assumed to be expressed by the material 
yield strength in simple unidirectional, tension or 
compression. It should be clear, on the basis of the 
discussion in earlier parts of this chapter, that neither 
the static wave bending moment nor the simple ma- 
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terial yield may resemble very closely the most severe 
or limiting conditions of the ship’s behavior. 

A refinement of the above approach, involving par- 
tial safety factors, has become an accepted part of a 
number of civil engineering structural codes. The fun- 
damental difference between this procedure and the 
elementary safety factor procedure lies in the use of 
multiple safety factors expressing the variability in 
loads and demand, and an additional factor expressing 
the economic, sociological and other consequences of 
failure of the structure. A typical expression is given 
in the following equation for a structure in which there 
may be several sources of loading that combine to form 
the total demand, D: 


Ye Zz VaDi < Cm (135) 


For each load component, D,, (still water load, wave 
load), there may be a different value of the load factor, 
y, which reflects the variability of that load component 
and the uncertainty in our ability to predict it. Typical 
values of the load factors, y,, in a formula of the form 
of (135) will lie in the range of 1.0 to 1.5, while typical 
values of the material and fabrication factor, y,,, will 
be in the range of 1.0 to 1.35. 

The consequences of failure factor, y,, represents 
an attempt to quantify the broader effects of potential 
failure of the structure. This includes certain conse- 
quences that may be expressed in very specific quan- 
titative terms, such as the value of the ship and cargo, 
the loss of earnings if the ship is out of service for 
repair or replacement, and the cost of restoration of 
the environment in the event of casualty caused pol- 
lution. The potential consequences of loss of life, either 
of crew or passengers would also be included in the 
value assigned to this factor. In the case of a passenger 
ship carrying a large number of persons untrained in 
seamanship and emergency procedures a higher value 
would be assumed than in the case of a cargo ship 
having a small and highly trained crew. 

The numerical values of the partial safety factors 
depend upon the form of the equation in which they 
are combined and upon the degree of structural reli- 
ability that is to be achieved, thus a unique set of 
values cannot be stated for general use. They have 
found their widest application in codes for fixed land 
structures of various types, although they are begin- 
ning to be used in the codes for offshore drilling struc- 
tures. For a specific application, the engineer should 
consult the relevant code to obtain the formula in 
which the partial safety factors are applied, the rele- 
vant definitions and specific values of partial safety 
factors to be used. A recent paper discussing the re- 
lationship of partial safety factor formulations and the 
rules and practices for ships and offshore structures 
may be found in Mansour, et al, (1984). 

5.3. Level 3 Methods. In the ideal situation, the 
designer would have correct and complete means of 
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Fig. 75 Probability density functions of demand and capability 


predicting both the loads on the structure and the 
structural response to those loads. Furthermore, the 
data concerning the objective uncertainties, such as 
the variation in material properties and the variation 
in sea conditions that the ship is expected to encounter, 
would be available in the form of quantitative statis- 
tical distributions. Using standard procedures of prob- 
ability theory, it would then be possible to predict and 
express in probabilistic terms the reliability of the 
structure. Such a prediction would take the form of a 
quantitative estimate of the probability of failure oc- 
curring in a specified time interval such as one wave 
cycle, one year or one ship lifetime of twenty-five 
years. Alternatively, the prediction could be expressed 
in reciprocal terms of the probable life expectancy for 
the ship. In either event it can be incorporated into a 
structural performance criterion. 

The demand and capability can each be expressed 
in the form of probability density functions as illus- 
trated in Fig. 75. Here, the horizontal scale, x, repre- 
sents a loading in a simple case, e.g., the midship 
bending moment. The density function pp (x) is so 


defined that i ’ Dp (x) dx equals the probability that 
72 


the actual maximum or exceedance value of load ex- 
perienced by the ship during its lifetime will lie be- 


tween x, and z,. Note that, in general, J Pp (x) dx 


= 1.0, since there is 100 percent probability that the 
maximum experienced load will lie in the interval (— o, 
co). Contained within the function p, (x), sometimes 
referred to as lifetime probability (Section 2.9), should 
be the effects of the random seaway loading, the 
variable ship and cargo load distribution, other minor 
loadings and the uncertainties in the prediction meth- 
odology. 

The effect of the random seaway alone is given by 
Equation (18) in Section 2.9, where P(x, > x,) is the 
probability of lifetime exceedance of wave-induced 
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bending moment in one ship among many similar ships. 
The most important additional loading to include is the 
still water bending moment. To combine the wave- 
induced and still water bending moments it is neces- 
sary to differentiate P(x, > x,) numerically to obtain 
the density function, p (z,,), of lifetime probability. The 
density function of still water bending moment, p (z,), 
can be estimated for the loaded or ballasted condition. 
We now assume that the still water and wave bending 
moments are statistically independent quantities. We 
let x, represent the possible values of the still water 
load, having a probability density p, (x,). Similarly, z,, 
will represent the possible values of wave loading with 
a probability density p,,(x,,). If x represents the total 
loading, x, + x,,, the probability density of total load, 
or demand, will be given by the product of the densities 
of still water and wave loading, 


p(x) = p,(%s) Dy (wv) 
= p,(%,) p,(" — 2,) (136) 


The exceedance probability distribution of the total 
load may be expressed by integrating Equation 136, 


Poa > x)= [ ” de i p(t.) pole — 2) dx, (187) 


An example of this for the cargo ship Wolverine State 
is shown in Fig. 76 from Lewis, et al (1973), in which 
different normal density functions were assumed for 
still water bending moment in the loaded and in the 
ballast conditions. Here the wave bending moment is 
an effective value that takes account of the effect of 
lateral as well as vertical longitudinal bending. Further 
work is needed to permit other minor loads to be com- 
bined in a similar manner. 

One result of including still water moments is to 
reveal the significant difference between hogging and 
sagging loads. The one to be used in any case depends 
on the mode of failure under consideration. A scale 
has been added to Fig. 76 as an example of how the 
exceedance probability, P)(x, > x,) can be shown 
directly for the case of a ship lifetime of n, = 10° 
cycles (Section 2.9). This will be used subsequently in 
developing the probability of failure. 

The second function shown in Fig. 75, p. (x), is the 
probability density function of the ship structural ca- 
pability or ultimate strength. In this case, the quantity, 


ie Pc (x) dx is equal to the probability that failure of 
ao 

the structure will occur at any time under a load having 
a value lying between x, and x,. The function p, (x) 
contains information quantifying the extent to which 
the actual ultimate strength differs from the computed 
ideal strength. As we have pointed out, this difference 
is the result of variation in material properties and 
structural geometry from assumed values, of con- 
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Fig. 76 Long-term distributions of combined bending moments: wave bending (vertical and lateral) and still- 
water bending (Lewis, et al, 1973) 


struction irregularities, of deterioration and of defi- 
ciencies in the analytical procedures. Ideal ultimate 
strengths for different modes of failure are discussed 
in Section 4.9, but comparatively little information is 
available on the variability of actual strength. Some 
data are given by Stiansen, et al (1979) and Goodman 
and Mowatt (1976), and some assumptions expressed 
as coefficients of variation (c.o.v.), or ratios of standard 
deviation to mean value, are given by Mansour and 
Faulkner (1972) for different failure modes. Thus there. 
would be different curves of p,(x) for each of these 
modes, just as there are different curves of P,(x, > 
x,) for different conditions of load, and hog or sag. In 
each case, presumably, the most unfavorable curves 
would govern. 

If the prediction methods for demand and capability 
were perfect, and if there were no variation in material 
or construction, and if there were no deterioration in 
the strength, the designer would then be able to predict 
with certainty a single value for the maximum load 
on the structure, and a single value for the capability 
of the structure. The two probability density functions 


in such case would reduce to two unit impulse func- 
tions and safety against failure would be assured if 
the demand impulse were infinitesimally displaced to 
the left of the capability (Fig. 75). Although the 
Level-1 method appears to be based upon single-value 
estimates of demand and capability, we see that the 
separation of the two values as measured by the safety 
factor acknowledges the uncertainty in the estimates 
of these quantities. 

In any real situation, the two probability density 
functions have a certain dispersion about a mean value, 
and the functions are of such a character that there 
is a small overlap between the tails of the two curves 
(Fig. 75). This overlap implies that there exists a small 
probability that the demand equals or exceeds the ca- 
pability, thus that failure may occur. If the probability 
densities of demand, pp, and capability, p,, are both 
known in the overlap region, the probability of failure 
may be computed by straightforward means. It should 
be noted in advance, however, that the tails of the 
functions, in general, are much less accurately known 
than the central part (mean, standard deviation) of the 
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density functions. We assume that the tails are known 
and that the demand and capability are statistically 
independent random variables (not an unreasonable 
assumption). Then the incremental probability of fail- 
ure under a particular level of loading is given by the 
product of the probability of capability, p- (x,) dx, and 
the probability that the lifetime demand is equal to or 
greater than x,, Pp(x, > 2;). 


dp, = Pp(x, > &1) pc (x) dx (138) 
where the quantity, shown by the upper scale in Fig. 


? 


Pox, > a) = { ” pp(a,)dz (189) 


is known as the exceedance probability of x, and its 
value, P,(x, > 2x,), equals the probability that the 
demand has a value greater than or equal to x,. The 
total probability of failure is, therefore, given by the 
integral of (188) or, 
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p= [ Py (a, > #,) pola) de (140) 


This approach is the only one of the three that is 
fundamentally sound and able to take into considera- 
tion the detailed real variation in the strength and 
demand on the structure. Its application, however, pre- 
sents several difficult problems. First, the probability 
of failure is determined principally by the tails of the 
two probability density functions, and, as noted earlier, 
these are the least known parts of the functions. Sec- 
ond, in most cases, neither the demand nor the ecapa- 
bility involve simple phenomena that may be 
characterized by a single function. Instead, there may 
be several components of loading, each with a different 
probability density function, and all of these must be 
taken into consideration simultaneously. Similarly, 
there may be several different failure mechanisms, 
some of which may interact with each other, no one 
of which will clearly dominate the capability charac- 
terization over the entire range of demand. 

Examples of applications of the procedure to ship 
structural reliability are given by Mansour (1972), 
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Fig. 77 Safety index for eighteen ships (Mansour, 1974) 
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Mansour and Faulkner (1973) and Lewis and Zubaly 
(1981). The latter reference also discusses the problem 
of establishing acceptable levels of failure probability 
on the basis of statistical data on actual ship failures, 
or by minimizing the total expected cost as explained 
by Freudenthal and Gaither (1969). A continuing goal 
of research is to develop the level-3 method to the point 
that it is suitable for the design of ships and other 
complex structures. The current limitations and diff- 
culties of implementation inherent in the procedure 
have resulted in the development of the semi-proba- 
bilistic methods. 

5.4 Semi-Probabilistic or Level 2 Methods. These 
methods of establishing structural performance cri- 
teria use similar terminology to that of the level 1 
safety factor approach. They attempt to quantify in 
an approximate way, however, the random nature of 
the demand and capability. Rather than using the com- 
plete probability density functions for these parame- 
ters, only the mean and standard deviation of the two 
functions are employed directly. This leads to the term 
second-moment methods since the mean is equal to 
the first and the standard deviation is equal to the 
second moment of the probability density function. An 
example of a level 2 method as applied to ship struc- 
tures is the safety index method of Mansour (1974). 
See also Mansour, et al (1984). 

In the safety index method, it is assumed that the 
capability, C, and demand, D, are uncorrelated random 
variables having means, m, and mp, respectively, and 
standard deviations, o; and op. The margin against 
failure, M, is given by the difference of C and D. 

M=C-—D (141) 
Noting that both C and D are random variables, M 
will also be random with mean m, and standard de- 
viation oy. The safety index, y, is defined as follows, 


My 
Ou 


(142) 
The central safety factor is given by the ratio of the 
mean values of capability and demand, 
Me 
Mp 


6= (148) 


The safety index may then be expressed in terms of 
the central safety factor and the coefficients of vari- 
ation of the capability and demand, 


6-1 


Y” Weve s V2 


(144) 
where 


oc 
Ve=— = 
cm 


Cc 
pability, 


coefficient of variation (cov) of ca- 
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om 
Vp = om = cov of demand. 


D 

The mean of the capability is the design estimate of 
the strength for the assumed failure mode. The mean 
of the demand is estimated on the basis of the expected 
loading of the ship together with the operational profile 
in terms of sea state, trade route, speeds and headings. 
The determination of mean and standard deviation of 
the sea loading is discussed in Section 2 of this chapter. 
A discussion of the determination of variation of 
strength may be found in Stiansen, et al (1979). 

Fig. 77 from Mansour (1974) illustrates the caleu- 
lated variation of the safety index with ship size for 
a representative sample of merchant ships. 
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Volume 1 


Nomenclature 


The following symbols apply to Volume I only. The 
phrase “stands for’ is understood between the symbol 
and its definition. 


Sods 


stands for area, generally 

area of midship section 

area of waterplane 

after perpendicular 

area of maximum section (if not amid- 
ships) 

maximum molded breadth 

center of buoyancy 

etc., changed positions of center of 
buoyancy 

molded baseline 

transverse metacentric radius, or 
height of M above B 

longitudinal metacentric radius, or 
height of M, above B 

width of a compartment or tank 

span of a control surface (perpendic- 
ular to direction of flow) 

constant or coefficient 

centerline; a vertical plane through 
centerline 

block coefficient, V/ LBT 

drag coefficient, D/% p AV’ 

midship section coefficient, A/BT; 
added mass 

prismatic coefficient, V/A,,L 

volumetric coefficient 

vertical prismatic coefficient V/A,7 

waterplane area coefficient, A,,/ZB 

chord of a control surface (parallel to 
direction of flow) 

distance from neutral] axis to extreme 
fiber 

molded depth 

cumulative damage function 

diameter, generally 
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drag force (resistance) 

plate flexural rigidity 

designed load waterline 

deadweight 

Young’s modulus of elasticity 

energy, generally 

base of Naperian logarithms, 2.7183 

force, generally 

factor of safety 

center of flotation (center of gravity 
of waterplane) 

effective freeboard, flooded 

forward perpendicular 

fresh water 

flow coefficient 

frequency, hertz 

center of gravity of ship’s mass 

etc., changed positions of the center 
of gravity 

shear modulus, £/2 (1 + p) 

transverse metacentric height; height 
of M above G 

effective metacentric height, flooded 

longitudinal metacentric height, 
height of M, above G 

righting arm; horizontal distance 
from G to Z 

acceleration due to gravity 

center of gravity of a component 

head 

depth of water or submergence 

height of a wave, from hollow to crest 

moment of inertia, generally 

moment of inertia of hull-girder sec- 
tion about neutral axis 

longitudinal moment of inertia of 
waterplane 

transverse moment of inertia of 
waterplane 

polar moment of inertia, generally 
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stands for transverse moment of in- 
ertia of free surface in a compart- 
ment or tank 

longitudinal moment of inertia of free 
surface in a compartment or tank 

torsional constant of a section 

any point in a_ horizontal plane 
through the baseline 

height of B above the baseline 

height of G above the baseline 

height of M above the baseline 

height of M, above the baseline 

radius of gyration 

length, generally 

length of ship 

length of entrance 

length of parallel body 

length of run 

length between perpendiculars 

length overall 

length on designed load waterline 

lift force, perpendicular to direction 
of flow 

length of a wave, from crest to crest 

longitudinal position center of buoy- 
ancy 

longitudinal position center of flota- 
tion 

longitudinal] position center of gravity 

load, or design, waterline 

length of a compartment or tank 

moment, generally 

bending moment 

transverse metacenter 

longitudinal metacenter 

torsional moment 

trimming moment 

wave-induced bending moment 

moment to trim 1 cm 

moment to trim 1 in. 

mass, generally; (W/g or w/g) 

transverse metacenter of liquid in a 
tank or compartment 

longitudinal metacenter of liquid in a 
tank or compartment 

shear flow 

neutral axis 

origin of coordinates 

longitudinal axis of coordinates 

transverse axis of coordinates 

vertical axis of coordinates 

(upward) force of keel blocks 

pressure per unit area in a fluid 

probability, in general 

fore and aft distance on waterplane 

radius, generally 

wetted surface of hull 

section modulus, I/e 


% (theta) 


A (Lambda) 
A (lambda) 
p» (mu) 

pw (mu) 

v (nu) 

v (nu) 


p (rho) 
o (sigma) 
7 (tau) 
(phi) 
(phi) 
Ww (psi) 
«@ (omega) 
@ (omega) 


Simpson’s multiplier 

salt water 

spacing of ordinates 

draft 

period, generally 

period of a wave 

transverse position of center of grav- 
ity 

tons per cm immersion 

tons per in. immersion 

thickness, generally 

time, generally 

total vertical shearing force across a 
section 

linear velocity in general; speed of 
ship 

speed of ship, knots 

velocity of a surface wave (celerity) 

speed of advance (flow through pro- 
peller) 

vertical position of B 

vertical position of G 

vertical position of g 

displacement / weight of ship, pgV 

any waterline parallel to baseline 

changed positions of WL 

volume of an individual item 

linear velocity 

weight of an individual item 

distance from origin along X-axis 

distance from origin along Y-axis 

distance from original along Z-axis 

a point vertically over B, opposite G 


angle of incidence; angle of attack 

width parameter 

displacement mass = pV 

specific volume 

warping factor 

safety index 

efficiency, generally 

angle of pitch or of trim (about OY- 
axis) 

tuning factor 

linear scale ratio 

permeability 

coefficient of dynamic viscosity 

Poisson’s ratio 

coefficient of kinematic viscosity; 


density; mass per unit volume 
direct, or bending, stress 

shear stress 

angle of heel or roll (about OX-axis) 
velocity potential 

angle of yaw (about OZ-axis) 
angular velocity 

circular frequency, 27/T, radians 


Special Naval Architectural Symbols 


¢ denotes baseline 
¢ centerline 
(% midlength, in general 
(pp midlength between perpendiculars 
(yjwl midlength on load water line 
(%B longitudinal distance from amidships 
to center of buoyancy, B 
(OG longitudinal distance from amidships 
to center of gravity, G 
(F longitudinal distance from amidships 
to center of flotation F’ 
Vv _vol volume of displacement 


Mathematical Symbols 


0_is a partial derivative sign 
i isV¥—-l 
= approximately equal to 
< _ less than 
> greater than 
az (one dot over a variable) is the first 
derivative of the variable with re- 
spect to time 
% (two dots over a variable) is the sec- 
ond derivative of the variable with 
respect to time 
« means proportional to 
o _ infinity 
& (delta) a finite increment 
= (Sigma) summation of 
am (pi) ratio of circumference of circle to 
diameter 
§ integral of 
J some function of 
> approaches as a limit 
= __is identical to 
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Abbreviations for References 


ABS 
ATMA 


ASNE 
ASCE 
ATTC 

BMT 


DTNSRDC 


American Bureau of Shipping 

Association Maritime Technique et 
Aeronautique 

American Society of Naval Engineers 

American Society of Civil Engineers 

American Towing Tank Conference 

British Maritime Technology (for- 
merly BSRA) 

David Taylor Naval Ship Research 
and Development Center (formerly 
DTMB) (now DTRC, David Taylor 
Research Center) 

Institute of Engineers and Shipbuild- 
ers in Scotland 

International Maritime Organization 
(formerly IMCO) 

International Ship Structures Con- 
gress 

International Towing Tank Confer- 
ence 

SNAME Journal of Ship Research 

Jahrbuch des Schiffobautechnischen 
Gesellschaft 

Maritime Research Institute Nether- 
lands (formerly NSMB) 

Northeast Coast Institute of Engi- 
neers and Shipbuilders 

Royal Institute of Naval Architects 

Ship Structures Committee 

Society of Naval Architects and Ma- 
rine Engineers 

Webb Institute of Naval Architecture 


Quantity 


Base Units 


Supplementary Units 


Angle, plane 


Density of solids 
of liquids 


Distance 


Force 


Frequency 
Mass 


Power 


Pressure 
Specific vol. 
Stress 


Volume of solids 
of liquids 


Velocity 


SI Unit 


meter, m 
kilogram, kg 
second, s 


radian, rad 


nautical mile, knot 


newton, N 
kilonewton, kN 


hertz, Hz 
metric ton, t 


watt, W 
kilowatt, kW 


kilopascal, kPa 
1/density 
megapascal, MPa 


m? 


liter, L 


meters /sec 
knot 


Definition 


1 rad = 180°/tt 


kg/cm? or t/m? 


kg/L 
1.852 km 


1 kg-m/s? 
103 kg-m/s? 


cycle/sec, cps 
10° kg 


1 N-m/s 
1 kN-m/s 


10* N/m? 
m?/t 


MN/m? = N/mm? 


10-*m* = d® 


m/s 


Tnmi/hr = 1.852 km/kr. 


International System of Units (Systeme International d'Unites, or SI) Useful quantities for Naval Architecture 


Conversions 
English to SI SI to English 
1 ft = 0.305m 1m = 3.28 ft 
1 lb = 0.454 kg Llkg = 2.20 lb 


1 lb (force) = 4.45N 


1 long ton (weight) = 1.016 t 


1 hp = 0.746 kW 


1 Ib/in? = 6.895 kPa 


1 long ton/in? = 15.44 MPa 


1ft/sec = 0.305 m/s 


1 knot = 6,080 ft 


1N = 0.225 lb 
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lm/s = 3.28 ft/sec 
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